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SUMMARY
The thesis is divided into four chapters. Chapter one 
is concerned with the detritiation from labelled compounds 
containing more than one exchangeable site. The compounds 
chosen for study were m-dinitrobenzene and a variety of 
amino acids. The amino acids were labelled using enzyme 
catalysed exchange and the various kinetics of enzyme 
catalysed detritiation were studied. The computer programme 
used was successful in evaluating the kinetics of detri­
tiation of m-dinitrobenzene and L-alanine labelled in two 
positions and a mixture of aspartic and glutamic acids 
each labelled in only one position.
Chapter two is concerned with a variety of methods 
that were used to label some polynitrobenzenes and polynitro 
naphthalenes. The labelling patterns were determined using 
tritium nmr spectroscopy. A variety of different labelling 
patterns were obtained and some of the reasons for this 
are discussed. The preparation of the ’’Meisenheimer’1 
complex of s-trinitrobenzene and the tritium nmr spectrum 
of this complex is described.
Chapter three is concerned with kinetic methods of 
observing ion pairing in solution. The reactions studied 
were simple detritiation or cleavage reactions in isopro­
panol, as catalysed by sodium and potassium isopropoxide.
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Some attempts were made to quantify the free ion and ion 
pair rate constants in these media. Difficulties were 
encountered when sodium and potassium tetraphenylhoron 
were used as salts in these media and some experiments 
are described which highlight the problems involved and 
which also suggest methods of circumventing them.
Finally, in chapter four, a study is described of 
experiments carried out on a variety of different detri­
tiation reactions catalysed by sodium hydroxide in water 
and sodium alkoxides in methanol, ethanol, isopropanol 
and t-butanol. The carbon acids studied are chloroform, 
s-trinitrobenzene, acetophenone, p-dimethylaminoaceto- 
phenone, dimethylsulphone and phenylacetylene. The cleavage 
reaction of p-nitrobenzyltrimethylsilane was also studied 
in these media. Correlations with dielectric constant 
of the medium and with H are described.
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CHAPTER 1
KINETICS 0E DETRITIATION OE CARBON ACIDS 
CONTAINING MORE THAN ONE EXCHANGEABLE SITE.
1‘1 INTRODUCTION.
1.1.1 The Properties and Uses of Tritium.
In 1934, Rutherford and co-workers first published
definite evidence for the existence of a hydrogen isotope
of mass three and, following on from this, in 1939 Alvarez 
2
and Cornog showed that the "tritium” Rutherford had found
was radioactive and had a long half-life. Since then the
growth in the use of tritium and tritium labelled compounds
has been remarkable. The story of the search for tritium
makes very interesting reading and there are a couple of
3 4good articles which cover this early work. ’ There are 
now three well-known isotopes of hydrogen namely hydrogen
-I
or protium ( H) which is stable, deuterium or "heavy hydro-
" o "5
gen ( H) which is also stable and tritium ( H) which is
radioactive. The present work is concerned with the use of
tritium as a label in organic compounds.
Tritium is an isotope which emits low energy pure
- r a d i a t i o n  with an average energy of 5,700eV.^ It has a
half-life of 12.35year's. > Because the energy of the tritium
fi -particles is low the penetrating range has a maximum
of about 6mm in air with a mean value of 0.5mm. Tritium
can be produced naturally in the upper atmosphere as a
result of nuclear reactions caused by the cosmic radiation.
It is then incorporated into water molecules and falls onto
the earthfs surface as rain water. Artificially tritium is
prepared in a reaction by the bombardment of enriched 
lithium-6 which is usually in the form of an alloy with 
magnesium or aluminium (eqn. 1.1). Some of the tritium 
produced is retained as the metal tritide and can be
Li + ------» 4He + 5H ....  (eqn 1.1)
liberated by treatment of the alloy with acid. The sepa­
ration and concentration of the tritium may be accomplished 
by thermal diffusion and the helium removed by the diffe­
rential adsorption of gases on charcoal at liquid nitrogen 
temperatures (-190°C)^
Because tritium is a weak beta emitter it can be 
handled quite safely in the quantities found in most research 
and teaching laboratories with only modest precautions.
In Great Britain every organisation using radioactive
materials must conform to the general requirements of the
6 71960 Radioactive Substances Act * and in accordance 
with the Act users of radioactive materials must obtain 
authorisation for the dispersal and accumulation of spe­
cified quantities of tritium from the ministry concerned.
Tritium is one of the least toxic of radioisotopes 
but there are certain features which make it more difficult 
to control than other nuclides. Firstly, relatively large 
(curie) quantities are often used. Secondly, the procedure
necessary for laboratory monitoring is tedious and finally 
there is the chemical character of tritium as a hydrogen 
isotope. This leads to it being used in a diversity of 
chemical forms and the toxicity depends very much on the 
chemical form being used. It also means that large amounts 
are used in the form of tritiated water which is trouble­
some to deal with as there is no easy method of separating 
the tritium from the water. It is rapidly absorbed through 
the skin or the lungs and it is held tenaciously by a 
variety of materials including glass. Bearing these points 
in mind there is a code of practice which should be followed
Q
when handling tritiated compounds. Some general advice
has also been given in a pamphlet published by the Radio-
9chemical Centre, the main points being as follows:
Work with radioactive substances should be separated 
from other work preferably in rooms reserved solely for 
it. When this segregation is effective a few millicuries 
( rJ10mCi) of tritium may be handled on an open bench 
provided the activity is in a non-volatile form. About 
ten times the quantity of radioactivity can be handled in 
a wet form provided it is non-volatile. Powders should be 
handled in a fume cupboard. Only the minimum quantity 
required for the investigation should be used and all work 
should be carried out over a spill tray. Eating, drinking, 
smoking and application of cosmetics should not be per­
mitted in an area where unsealed radioactive substances
are handled. Paper handkerchiefs should he used and these 
should be disposed of as radioactive waste. Thin disposable 
surgical gloves should be worn as normal practice as well 
as lab coats. Radioactive solutions should never be pipetted 
by mouth.. Ampoules likely to contain volatile radioactive 
compounds should be opened in a fume cupboard. Apparatus 
used for high activity work should be separate from that 
used for low level work even when this involves duplication 
of apparatus. Only clean apparatus should be used and 
contaminated apparatus should not be left lying around the 
laboratory as someone else may use it or handle it. Solu­
tions of radiochemicals should not be handled in bright 
sunlight as this may cause decomposition of the material 
which may only be present in small quantities. All containers 
of radioactive materials should be labelled clearly indi­
cating the nuclide, compounds present, specific activity, 
total activity, date and name of user. The containers should 
be properly sealed and for most compounds should be stored 
in a fridge designated for this purpose. "Old11 material 
should not be used for tracer work without first checking 
its radiochemical purity. Disposal of all radioactive 
substances is subject to statutory contol although small 
quantities may usually be washed down the sink or released 
to the atmosphere as gaseous discharge. Radioactive waste 
at levels not acceptable for disposal into the drains can 
be conveniently stored by absorption onto vermiculite
and contained in clearly labelled glass jars (usually with 
a metal outer container for actual disposal).
As well as the above precautions regular monitoring 
is necessary to ensure that radioactivity is contained.
Air monitors for detecting volatile radioactivity are 
commercially available and can give a reliable indication 
of the concentration of tritium in air. They are not suit­
able for the detection of surface contamination. Frequent 
monitoring of bench tops, instruments etc. should be 
carried out routinely by swabbing with moist cotton wool 
or paper which is subsequently counted by liquid scintilla­
tion counting. The monitoring of personnel should also be 
carried out on a regular and frequent basis. The measure­
ment of tritium in breath is possible but it is a rather
time consuming procedure. The biological half-life of 
tritium (as tritiated water) in adult humans is about
12 days and urine samples, taken at a frequency appropriate
to the degree of radioactivity bandied, provides a conve­
nient method for the analysis of tritium uptake. Blood 
samples provide another method for the analysis of uptake 
but they are costly and less appealing to the workers 
involved. Film badge dose meters are not appropriate 
because the weak beta radiation cannot penetrate the 
paper wrapping around the film. Above all, the most impor­
tant aspect in the handling of tritiated compounds is the
same as for all chemical laboratories, namely good house­
keeping, tidiness and laboratory and personal cleanliness.
To end the discussion on the properties and use of 
tritium a mention should be made of the technique of liquid 
scintillation counting which has been used extensively 
throughout the course of the present work. Liquid scin­
tillation counting is the most sensitive and versatile 
technique for the detection and measurement of radioactivity. 
It is applicable to alpha-, beta- and gamma- ray emitters.
The counting sample consists of three components, the radio­
active material, an organic solvent or solvent mixture 
and one or more organic phosphors. In the present work 
different scintillation mixtures were used. For organic 
compounds a mixture of 2 ,5-diphenyloxazole (PPO 3.4gms/l) 
in toluene was used. For aqueous samples commercial NE-250 
(naphthalene based scintillator) was used.
A particle emitted by the sample material is absorbed 
in and its energy transferred to solvent and thence to the 
phosphor which emits a burst or scintillation of light 
photons. The photons are then absorbed by the photocathode 
of a photomultiplier tube which converts them into an 
electronic pulse. The pulse, after suitable amplification, 
is registered as a count corresponding to the emission of 
the particle. Since the radioactive sample is in intimate - 
contact or in actual solution together with the phosphor,
detection of the emitted particles is highly efficient 
and may approach 100%. Counting vials used were made of 
glass although plastic vials were also used. Plastic vials 
suffer from the disadvantage that the toluene scintillator 
used causes the vials to swell and can also diffuse 
through the walls of the vials.
The efficiency with which a radioactive sample is
counted in a liquid scintillant can vary from sample to
sample. The quenching (decrease in counting efficiency)
is caused by processes which interfere with the production
of light in the liquid scintillant and its transmission to
the photomultiplier tube of the liquid scintillation
counter. Quenching usually takes two forms, chemical quench-
10ing and colour quenching. In chemical quenching compounds 
in solution in the liquid interfere with the transfer of 
energy from the emitted particle to the organic phosphor 
and the energy is degraded by processes which do not pro­
duce emission of light. In colour quenching, coloured 
materials in the liquid scintillant absorb light emitted 
by the phosphor and so prevent it being detected by the 
photomultiplier tube.
The counter used in the present work was a Beckmann 
LS100 and this uses an external standard method to deter­
mine counting efficiency. This depends on the use of a 
small gamma emitting source which is automatically posi­
tioned near the sample vial and whose gamma rays produce
scintillations when absorbed in the liquid scintillant.
The number of scintillations produced depends on the 
counting efficiency of the liquid scintillant and,using 
radioactive standards, a calibration curve of external 
standard counts versus counting efficiency can be cons­
tructed. It is necessary for two counts to be taken, one 
for the sample and one for the sample plus external stan­
dard. The gamma-induced counts are monitored in two 
separate electronic channels set at higher energies than 
the sample ^-emission and the channels ratio of the exter­
nal standard counts is determined. In kinetic work quench­
ing is not usually considered to be a problem as the com­
pounds contained in each sample should be the same and 
only the amount of tritium present should vary. For calcu­
lations of specific activity, however, quenching must be 
taken into consideration.
1.1.2 Enzymatic Studies of Compounds containing more
than one exchangeable Site.
Pyridoxal phosphate is the most striking of the 
known coenzymes in terms of the multiplicity of different 
enzymatic reactions that are dependent on its presence.
These include transamination, racemisation, decarboxyla­
tion and elimination of the & -hydrogen together with 
either a {3-substituent or a -substituent. The most 
widely accepted mechanism of action for enzymatic trans­
amination was proposed independently by Braunstein and
11 12 co-workers and by Snell and co-workers based on
extensive studies with model compounds. They showed that
the transamination reaction involves the formation of a
Schiff’s base which results in the labilisation of the
ot-hydrogen of the amino acid. The transamination reaction
13for serine is depicted in equation 1.2.
14
Early experiments by G-risalia and Burns an(i *by
15Hilton and co-workers demonstrated that glutamic-oxal- 
acetic transaminase (GOT) catalyses the c^-hydrogen exchange 
of glutamate. The first suggestion that the enzyme mecha­
nism may be more complicated in that an interaction may
occur at the hydrogens of the -carbon was the observation
16 1Vby Oshima and Tamiya ’ that semipurified glutamate 
alanine transaminase catalyses the exchange of both the 
— and (3- protons of L-alanine. The rate of loss of
HOCH,
CHO
HOCH
H n • ^ 
HOCH —  C -  C Q -
 ^ 0
HOCH
N M
\ N ^ C H
HOCH
HOCH,
N M
n ^ ch3
ch2nh2
N^CH
0
+ HOCH^ - C - Co| + M3+ T
h o c h2—  C
HOCH
(eqn 1.2)
-  —
17total hydrogen from each position was shown to be similar.
The interpretation of their results was questioned by 
18Harley-Mason, who suggested that the p  - exchange may 
be due to a tautomerisation of pyruvate or a pyridoxamine- 
pyruvate complex. This suggestion could not be refuted by 
the work of Oshima and Tamiya.
1 9 20In 1974, Babu and co-workers ’ reported the 
incorporation of deuterium from solvent deuterium oxide 
into L-alanine in the presence of catalytic amounts of 
pyruvate and of glutamate-alanine transaminase using nmr 
spectroscopy. Enzyme-catalysed incorporation of deuterium 
into the J3- position of L-alanine was confirmed. They 
showed that such deuterium incorporation is unlikely to occur 
via the enolization of pyruvate with deuterium incorpora­
tion into the jS- position of alanine occuring much more 
rapidly than the rate of pyruvate enolisation under the
conditions employed. Following on from this further nmr
21work was carried out by Babu and Johnston and by 
22Cooper on the incorporation of deuterium into L-alanine 
as catalysed by glutamate-alanine transaminase. Indepen­
dently they found that exchange of both the p - positions
and the <*- position took place. Some kinetic isotope
22studies by Cooper showed that the removal of the oc- 
hydrogen was rate limiting and this suggested that one of 
the protons of the amino acid can be exchanged from the 
amino acid onto the active site of the enzyme and back
to the substrate at one position while the other position
is exchanging with deuterium oxide or another base at the
enzyme active site. The overall reaction scheme which
22has been proposed by Cooper is shown in equation 1.3-
Other enzymatic exchange experiments have also been
21carried out on amino acids. Babu and Johnston found that 
glutamic-oxalacetic transaminase also catalyses the
exchange of the o<- and p- protons of L-alanine.
23 21Besmer and Arigoni and Babu and Johnston found that
only one hydrogen of glycine exchanged with deuterium 
oxide in the presence"of glutamate-alanine transaminase. 
Both glutamate-alanine transaminase and glutamic-oxal­
acetic transaminase catalyse the exchange of the <*- 
hydrogens of glutamate and aspartate in these media. 
However, there is considerable confusion in the literature 
as to whether the enzyme catalysed exchange of the /*-
hydrogens of these substrates takes place. Walter and 
24-co-workers observed no p- exchange of aspartate when
oc-ketoglutarate is used as a copartner whereas Babu and
19 22Johnston and Cooper found that the p- hydrogens
of aspartate do exchange when oxaloacetate is used as
24a copartner. The same paper by Walter and co-workers 
showed that both glutamate-alanine transaminase and 
glutamate-aspartate transaminase catalyse p- proton 
removal from L-glutamate. Another study by Gout and
H ' ■I
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? c
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25
co-workers demonstrated that aspartate aminotransfe
rase isolated from Escherichia coli without added copartner 
catalyses the o(-hydrogen exchange "but not the ^-hydrogen 
exchange of aspartate and phenylalanine.
Finally a mention should be made of some non-enzymatic 
work which has been carried out on carbon acids which 
contain more than one exchangeable site. Salomaa and
co-workers have described work carried out on phenyl-2-
26 27propanone and on a number of unsymmetrical ketones
which have been tritiated in more than one position. To 
describe the kinetics observed they had to determine the 
amount of tritium at each site and determine the rate 
constant for each site. This was done using a computer 
programme based on an equation which had been used pre­
viously by Salomaa and Sallinen when studying the rates
of hydrolysis of various cis and trans 2,4- and 2,5-
2 8
dimethyl-1,3-dioxalones (eqn. 1.4).
x
(eqn.1.4)
where NQ = counts at t=0
= counts at time t
N = counts at t=
x = mole fraction in more acidic site 
(1-x) = mole fraction in less acidic site
k f and k ’ are the rate constants of reactions a a b
and b respectively.
To carry out the studies they usually took approxi­
mately 30 samples. The equation only works well if x 
and 1 —x are of comparable magnitude and the rate coeffi­
cients k^ and k^ are substantially different. The 
workers did not have the advantage of tritium nmr which 
can determine the amount of tritium present at each site 
and so aid in the computer analysis or confirm the computer 
results. The technique of tritium nmr is outlined in
chapter 2. In the present series of experiments the origi-
27nal programme used by Salomaa and co-workers has been
29modified slightly  ^but is still basically the same. The 
modifications allow the values of x and 1-x to be fixed 
or variable and also allows either of the rate constants 
to be fixed or variable.
1.2 EXPERIMENTAL AND RESULTS.
1.2.1 Freeze Drying Method.
The procedure for following the kinetics of detri- 
tiation of the amino acids was as follows. A stock 
potassium phosphate buffer solution (theoretical pH=8.0, 
experimental pH=7.88) was prepared in boiled out C02-free 
water by diluting dipotassium hydrogen phosphate (47.35mls. 
0.2M and potassium dihydrogen phosphate (2.65mls,
0.2M KHgPO^) to 100c.c. A stock solution of pyridoxal 
phosphate (25mls. 1mM) was prepared in this buffer solu­
tion and 10units of the enzyme preparation to be used were 
syringed into the solution which was incubated at 37°C 
in a water bath. The tritiated amino acid (10/Ll stock 
solution in water) was added to the enzyme containing 
buffer solution and the flask was shaken. Immediately a 
small (/v>0.5 ^ 1) aliquot was removed and pipetted into a 
round bottomed flask containing some sodium chloride. The 
flask was immediately immersed in liquid nitrogen and the 
aqueous solution frozen. While the flask was being immersed 
in the liquid nitrogen it was continuously shaken to 
ensure the liquid was spread over as large a surface area 
of the flask as possible. The flask was then attached to 
a T-apparatus as shown in Figure 1.1. High vacuum silicone 
grease was used on all the joints. The apparatus was 
evacuated using a trolley vacuum pump protected by liquid
Vacuum pump
t
Tap
7 t - ±
Greased ----
quickfit joint Greased quickfit joint
25ml round ^  
bottom flask Receiving
flask
F i g *  1 .1
nitrogen traps. Throughout this procedure the flask 
containing the sample was kept frozen in liquid nitrogen 
but once the apparatus had been evacuated the tap was 
closed and the receiving flask was placed in liquid 
nitrogen with the round bottom flask being allowed to 
warm up to room temperature. After 15-30minutes the appa­
ratus was opened to the atmosphere and the receiving 
flask was allowed to warm up to room temperature. O.lmls 
of the water which had freeze-dried over, and collected 
in the receiving flask, was pipetted into a vial contain­
ing 2mls NE250 liquid scintillation fluid. Further 
samples were taken at various time intervals and infinity 
readings were also obtained after at least ten half-lives 
of the longest reaction. Plots of counts at time (oo) minus 
counts at time (t) versus time were drawn and the results
were also subjected to computer analysis. In an average 
run approximately 30 samples were taken.
1.2.2 Tritiation of the Amino Acids.
Tritiated L-alanine was prepared as follows:
Pyridoxal-51-phosphate (0.3mgms) were weighed into an 
ampoule along with l-alanine (37mgs). Potassium phosphate 
buffer (0.2mls pH 7.88) and glutamate-pyruvate transami- 
nase (glutamate-alanine transaminase 50/tl;1-,11 6units/ml, 
Sigma Chem.Co.) was added and the ampoule was necked. 
Tritiated water (lO^il^OCi/ml) was syringed into the 
ampoule which was sealed and placed in a water bath at 
37°C for five days. The ampoule was then opened and the 
tritiated water freeze-dried over.
A dowex column (10cm) was prepared by washing through 
with citric acid buffer (pH 3.4; 40mls 0.1M citric acid 
and 10mls 0.1M sodium citrate diluted to 100mls). The 
freeze-dried tritiated amino acid was dissolved in a 
formic acid-acetic acid buffer (5mls; pH 1.88) and this 
was added to the dowex column. The buffer serves two 
purposes in that it should break down any Schifffs bases 
that are present and also cause the amino acid to become 
bound to the dowex column. After washing the column with 
further portions of the formic acid-acetic acid buffer 
the column was finally eluted with a pyridine-acetic 
acid buffer (pH 6.5) and the eluent was collected.
The buffer was freeze-dried over and the pure amino acid 
was obtained. This was dissolved in D^O and some DSS, 
(4,4-dimethyl-4-silapentane sulphonate) was added and the 
sample was sent for nmr analysis. The nmr spectra are shown 
in Figure 1.2. The tritium spectrum clearly shows that the 
L-alanine has exchanged in two positions corresponding to 
the (X- and protons of L-alanine. The integration of
the peaks shows that the ratio of the exchange is approxi­
mately 2:1 with 67% exchange in the p>- position and 33% 
exchange in the ©c- position. This implies that exchange 
must be slightly more favoured in the oC- position under 
these conditions as the expected ratio, if exchange occured 
at the same rate in both positions, would be 3:1 as there 
are 3 p- protons for every one <*- proton. The proton 
spectrum obtained is as expected and corresponds with stan­
dard proton spectra (Sadtler Index). Some buffer still 
remains which accounts for the peaks at 2 and 8.5ppm.
Further freeze dryings should diminish these peaks.
Tritiated L-glutamic acid was prepared by weighing 
pyridoxal-5’-phosphate (0.3mgms) and L-glutamic acid (38mgms) 
into the ampoule. Potassium phosphate buffer (0.2mls pH 7.88) 
and glutamic-oxalacetic transaminase (50^1, 850units/ml 
Sigma Chem.Co.) were added and the ampoule was necked. 
Tritiated water (10^ il, 50Ci/ml) was syringed into the mixture 
and the ampoule was sealed and placed in a water bath at
- 29 -
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37°C for seven days. The tritiated water was freeze dried 
over and the tritiated amino acid was isolated using the 
same procedure as outlined for L-alanine with a dowex column. 
The isolated amino acid was dissolved in 1^0 an(^  sent for 
nmr analysis with DSS internal standard. The proton and *. > 
triton spectra obtained are shown in Figure 1.3. The tri­
tium spectrum shows two signals. The signal at /v 3.3ppm 
corresponds to exchange in the oc- position and the signal 
at /v 5 .5ppm is probably due to some tritiated water being 
present. It could, however, also be attributed to a highly 
active impurity being present. The proton spectrum obtained 
is not very informative although it does show that glutamic 
acid is present.
Tritiated L-aspartic acid was prepared by weighing 
pyridoxal-51-phosphate (0.3mgms) and L-aspartic acid (36mgms 
monopotassium salt) into an ampoule which was necked. Glu­
tamic oxalacetic transaminase (50/^ 1, 850units/ml), potassium 
phosphate buffer (0.2^1, pH 7.88) and tritiated water (10y*i, 
50Ci/ml) were syringed into the mixture and the ampoule was 
sealed and put on for seven days at 37°C in a water bath.
The ampoule was broken open and the tritiated water freeze 
dried over. Tritiated L-aspartic acid was isolated using an 
identical procedure to that outlined for L-alanine. The 
amino acid isolated was sent for nmr analysis in D2O with
- 31 -
L-GLUTAMIC ACID
Proton spectrum
10
i
Triton spectrum
10
Pig. 1.3
DSS internal standard. The proton and triton spectra obtained 
are shown in Figure 1.4. The triton spectrum shows one main 
signal at /V3 .8ppm which is due to the <x- proton of L-aspar- 
tic acid. Tbere is another signal ( A/1.4ppm) which is 10% 
of the area of the larger signal and is probably due to an 
impurity. The proton spectrum shows that the main product 
is aspartic acid but a small trace of impurity also shows 
up in the proton spectrum.
1.2.3 Kinetics of Detritiation of m-Dinitrobenzene.
To establish that the computer programme was working 
correctly a preliminary study was carried out on m-dinitro- 
benzene tritiated in the 2- and 4- positions. The procedure 
used to obtain m-dinitrobenzene labelled in the 2- and 4- 
positions is outlined in the following chapter. The spectrum 
of the m-dinitrobenzene obtained and used in the kinetic 
experiments is shown in Figure 1.5. The tritium spectrum 
shows that there is approximately 7% of the tritium in the 
4- position and 93% of the tritium in the 2- position of 
the m-dinitrobenzene. A stock solution of the m-dinitrobenzene 
was prepared in dioxan. 1Cycl of this stock solution were 
syringed into a solution of sodium hydroxide (25mls, 0.493M)
thermo stated at 60+0. 1°q. j_n a water bath. 0 .5ml samples of 
the solution were removed at regular intervals and pipetted
- 33 -
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M-DINITROBENZENE
Proton spectrum
U
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Triton spectrum
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Fig. 1,3
into a HC1 solution (5mls,1.OM). Toluene scintillator 
(lOmls) was added to the HC1 and the mixture was shaken.
The toluene layer was removed and dried over sodium sulphate 
and 5ml aliquots were counted for tritium. The results 
were fed into a computer and were also plotted in the form 
of log0 counts per minute versus time. The plot formed a 
curve with two straight line regions. The results of a 
typical run are shown in Table 1.1 and presented diagram- 
matically in Figure 1.6. The ratio of exchange rates in 
the 2- and 4- positions of m-dinitrobenzene is very different 
and it is, therefore, possible to separate out the two 
rates of exchange graphically. The procedure for doing |this 
is shown in Figures 1.7 and 1.8. Both the graphical and 
computer results obtained for two separate runs are collected 
together in Table 1.2 and are in very good agreement. The 
second order rate constant obtained for the 2- position 
at 60°C was 5.62+0.02x10 "'sec  ^. The second order rate 
constant obtained for the 4- and 6- positions at 60°C was 
2.53+0.12x10 ^sec \  This is a ratio of 2,221 to 1.
The amount of tritium in the 2- position as compared to 
the 4- and 6- positions was 93% from the nmr analysis as 
has already been mentioned. The non-linear least squares 
method calculated that 95% of the tritium was in the 2- 
position and this value compares very favourably with that
1
I
j Time(min.)
1
i
Radioactivity
(cpm)
•
1
loge(cpm)
f 1 229,894 12.3454
! 2 192,011 12.1653 |
I 5 164,093 12.0082
| 4 143,425 11.874
I 5 123,905 11.727 j
| 6 105,067 11.562 j
i 7 91,742 11.427 j
\ 8 80,650 11.298 !j
i 9 69,737 11-153 j
I 1° 61,862 11.033 J
I 51,571 10.851 |
i 12 46,902 10.756 !j
| 13 42,159 10.649 j
! 14 37,243 10.525 I
15 33,565 10.421 |
17 27,691 10.229 j
| 19 22,976 10.042 j
21 20,353 9.921 j
! 23 | 18,225 9.810 |
• 25 | 16,641 9.720 !
27 | 15,663 9.659 |
29 . 14,809j 9.603 !i
31 14,722 9.597 j
35 [ 13,353 9.499 !
40 13,065 9.478 i
45 12,843 9.461 |
i
480 12,341 9.421 j
1,200 11,678 9.365 |
2,640 10,328 9.243 |
7,020 7,341 8.901 |
I
continued
Time(min.)
Radioactivity
(cpm) loge(cpm)
8,400 6,535 8.785
9,840 5,727 8 .653
11,280 5,115 8.546
12,720 4,858 8.488
14,160 4,311 8.369
17,040 3,499 8.160
Detritiation of m-dinitrobenzene at 60+0.1°C,
0.493M NaOH.
Table 1.1
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Fig. 1.6 Detritiation of m-dinitrobenzene at 60+0.1°C 
in 0 .493M sodium hydroxide.
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9.6 Intercept = 9.450 12,711 counts/min.
Slope = 1.275/16,500x60 = 1.288x10~^sec  ^ = rate
9.4
9.2
9.0
8.8
8.6
8.4
8.2
8.0
14 16 186 10 12820 4
Time x10 (mins)
Pig. 1.7 Detritiation of m-dinitrobenzene 4 and 6- 
positions.
oo = 12,711 = counts per minute due to 4- and 6-
positions,It will not change to any great extent 
in 18 minutes (see Fig. 1.7).
Slope = 2.64/(15.95x60)=2.76x10 sec =rate
12.0-
*
9
1
SP-o
0
9.0
6 10 12 162 8 14 180 4
Time (mins)
Fig. 1.8 Detritiation of m-dinitrobenzene in the 
2-position.
obtained from the nmr analysis. The computer programme 
works successfully for this compound where the ratio of 
rates is very high.
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1.2.4 Kinetics of Detritiation of L-Alanine.
The method used to follow the detritiation of the 
amino acids has already been described earlier in the pre­
sent chapter. When this basic procedure (using 0.1mM solu­
tion of pyridoxal-5 1-phosphate instead of 1mM and the enzyme 
glutamate-pyruvate transaminase) was used to follow the 
kinetics of detritiation of L-alanine a sigmoidal curve 
was obtained as shown in Figure 1.9. Curved kinetics are 
a feature of enzyme reactions and are observed because the 
rate of product formation depends on the concentration of 
the enzyme-substrate complex (as depicted in equation 1.5) 
rather than directly on the concentration of substrate
Enzyme(B) + Substrate(S) = n ^  Enzyme-substrate complex(ES)I
Enzyme (E) + Products(P)
  (eqn.1.5)
which is present. There is, therefore, a time lag while 
the concentration of the enzyme-substrate complex builds 
up. To get round this problem the enzyme was incubated 
with inactive L-alanine (0.0045gms) overnight and after 
this incubation period, tritiated L-alanine was syringed 
into the mixture. All the other conditions were the same 
as previously except that pyridoxal-5 ’-phosphate was present
- 43 -
10mls solution contain 0 .00025gms pyridoxal- 
5 1-phosphate and 10units GPT, 37°C.
12.25-
s
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Pig. 1.9 Detritiation of L-alanine.
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to 1mM. The curve obtained when this procedure was used 
is shown in Figure 1.10, This is the type of curve that 
would be expected for the detritiation of l-alanine from 
2- positions. The computer analysis of the results are 
collected together in Table 1.3. The analysis shows that 
the p- protons exchange at a slightly faster rate than 
the ix.- protons (0.11min.; 0.051min.). There is not much
, °/o relative .
k ( m m  )Position incorporation 
(nmr analysis)
<X- position 33.3 - 0.051
position 66.7 0.11
Table 1 .3
difference, however, in the observed rates which can also 
be deduced from the fact that the curve obtained is very
shallow. The results fit very well with those obtained by
21 22 
Babu and Johnston and by Cooper who also found that
the ft - protons exchange at a slightly faster rate than
the ot- protons. JBecause the curve is so shallow, too
much reliance cannot be placed on the computer analysis
and this is reflected in the fact that in order for
25mls solution contain 0.0062gms pyridoxal-5f-
phosphate + 0.0045gms inactive L-alanine 36jul 
G-PT. Allowed to equilibrate overnight.
40 4515 25 30 35201050
Time (hours)
Pig. 1.10 Detritiation of L-alanine.
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convergence to be obtained in the computer analysis, the 
relative proportions of tritium in the oC- and (&- positions 
had to be kept invariant. The proportions used were those 
obtained from the nmr analysis.
1.2.5 Kinetics of Detritiation of other Amino Acids.
The kinetics of detritiation of L-glutamic acid in 
potassium phosphate buffer (pH 7.88) containing pyridoxal- 
5 1-phosphate (1mM) and glutamic-oxalacetic transaminase 
(10units) at 37°C are shown in Figure 1.11. The nmr 
spectrum showed that only one position of the glutamic 
acid had exchanged and that there was probably some tri­
tiated water present. The kinetics obtained confirm that
only one position in the L-glutamic acid has exchanged.
-3 -1The rate constant for exchange was 2.86x10 min .
The detritiation of L-aspartic acid using the same 
conditions as for L-glutamic acid shows curvature. The 
kinetics obtained are shown graphically in Figure 1.12 
and a summary of the computer analysis of the results is 
shown in Table 1.4. The computer analysis shows that there
are two exchangeable protons present. The nmr analysis 
of the L-aspartic acid used shows that only one proton in
12.0 1
1 1.8 -
aP40
1
11 .2 -
<u11.0 '
fcto
o
I—I
10.8 -
10.6  -
10.4
25mls contain 0 .0065gms pyridoxal-5 *-phosphate 
and 10jxl OPT. Allowed to equilibrate for 2 hours
Slope = 0.75/262.5 = 2.86x10_3min"1
  j------ 1------ r----- 1------ 1------ 1------ 1------ 1 r-
0 50 100 150 200 250 300 350 400 450
Time (iwss)
Pig. 1.11 Detritiation of L-glutamic acid at 37 C.
25mls solution contain 0.0066gms pyridoxal-5f-
phosphate. 10ul GOT added. Put on to equilibrate 
o
overnight at 37 C.
a
p*0
1 10.0 -
0
8.0
14-0 160 18060 80 100 12040200
Time (mins)
Pig. 1.12 Detritiation of l-aspartic acid.
Position % relative incorporation 
(computer analysis)
, T / . - h  k ( m m  )
o(- position 
impurity
90
10
3.93x10-2 
1.11x10"3
Table 1 .4
the aspartic acid has exchanged. However, there is a small 
peak at /v 1.4ppm which is due to an impurity and is present 
to aj 10% of the main <*- CH peak. This probably accounts 
for the second exchange which is observed and demonstrates 
the fact that for this work tritium nmr analysis in inva­
luable.
Finally a few experiments were carried out using a 
50:50 mixture of -L-glutamic acid and -
L-aspartic acid under the same conditions as for the indi­
vidual amino acids. A representative curve is shown in 
Figure 1.13 and the computer results are summarised in 
Table 1.5. The computer results show the mixture to be
almost exactly 1:1. The rate constant obtained for the
- 2 1detritiation of L-aspartic acid was 2.27x10 min which
-2 -1compares with 3 .93x10 min for aspartic acid alone.
The rate of detritiation of L-glutamic acid was
- 50 -
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phosphate, lO^ il GOT added. Put on to equilibrate 
overnight at 37°C.
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Pig. 1.13 Detritiation of aspartic + glutamic acids 
'■vl 11 .
-3 -1 -33 .04x10 min which compares with a value of 2.86x 10
-1
min obtained previously for L-glutamic acid. The value 
obtained for L-glutamic acid is slightly higher and for . 
L-aspartic acid is lower than the values obtained for the 
individual amino acids.
Amino acid
% present 
(computer analysis)
• “1\k ( m m  )
L-aspartic acid 
L-glutamic acid
49.8
50.2
2 .27x10-2
3 .04x 10"3
Table 1.5
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1.3 Conclusions.
A novel method of tritiation of amino acids has been
tested and shown to work satisfactorily. This work is a
natural extension to work carried out by others using 
21 22deuterium 9 and it confirms the observations made
previously for these amino acids. L-alanine has been shown
to exchange readily in two positions and the rate of exchange
of these two positions is of the same order of magnitude.
However, only preliminary experiments have been carried
out on the reaction kinetics involved and a great deal of
further work remains. Both L-glutamic acid and L-aspartic
acid have been shown to exchange their oc- protons in a
solution containing tritiated water and glutamic-oxalacetic
transaminase. Once again this confirms the deuteration
21 22experiments carried out on these amino acids. 9 However,
24-
contrary to other experiments no p- exchange was found 
in L-glutamic acid.
The m-dinitrobenzene work shows that for certain acids 
containing two exchangeable hydrogens with large relative 
rate ratios the computer programme works very well. There 
is no difference in the results obtained graphically and 
by computation. The work carried* out using a mixture of 
L-glutamic acid and L-aspartic acid shows that- the;computer 
programme can also be successfully used for compounds 
containing two exchangeable hydrogens with quite low rate
ratios. It now remains to be seen whether the programme 
can be extended and compounds containing more than two 
different exchangeable sites studied. Provided that the 
relative ratios of the rates is quite high it should be 
possible to do this. Extensions to the present work also 
include a study of other amino acids and other enzymes 
and a much more thorough study of the kinetics involved 
in the detritiation of these amino acids by enzymes.
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CHAPTER 2
ASPECTS OE THE LABELLING OP NITRO-AROMATICS 
AND THEIR INTERACTIONS WITH BASES.
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2.1 INTRODUCTION
2.1.1 Early Chemical Studies.
It is very nearly one hundred years since the first
papers started to appear concerning the interaction of bases
with polynitroaromatic compounds in solution and the brightly
1 2coloured solutions that are formed as a result I In 1895
3
lobry de Bruyn and Van leent reported the successful isola­
tion of red crystals from a reaction of s-trinitrobenzene 
(1,3 ,5-trinitrobenzene) with aqueous potassium hydroxide in 
methanol. Then in 1898 Jackson and Boos^ reported that the 
products of reaction of a variety of sodium alkoxides with 
picryl chloride (1 -chloro-2 ,4',6-trinitrobenzene) analysed to 
the composition C^H^(N02)^ORNaOR (R=methyl,ethyl,propyl, 
isopropyl and benzyl). In 1900 Jackson and G-azzolo suggested 
that the products of these reactions had one of two possible 
structures as shown (I and II).
0 ,0N.a 0 ONa
%  /
N N
RO OR
(I) (II)
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The first strong chemical evidence for this came in 1902 
when Meisenheimer reported the isolation of potassium 
methoxide adducts of 9-nitroanthracene and 9-nitro-10- 
methoxyanthracene and proposed structures (III) and (IV) 
for these products. Meisenheimer considered the structures
OCH,
N = 0
CH„0 OCH
N = 0
l I
OK OH
(III) (IV)
of the dialkoxy derivatives reported by Jackson^- to be
analogous to (III) and (IV) and apparently unaware of
Jackson^ paper in 1900 proposed structure (i) for the
dimethoxy derivative. He ruled out structure (II) and an
n
earlier proposal made by Hantzsch (structure (V)) by
OCH
OK
(V)
isolating a greater than 50% yield of ethyl picrate "by the 
acidification of either the potassium ethoxide adduct of 
methyl pricrate or the potassium methoxide adduct of ethyl 
picrate. He reasoned that structures (il) and (V) should 
have given only methyl picrate. He also found that acidifi­
cation of the potassium ethoxide adduct of isobutyl picrate 
or the potassium isobutoxide adduct of ethyl picrate gave 
a mixture of ethyl and isobutyl picrates with the isobutyl 
picrate predominating. Similar confirmatory results were
Q
also reported by Jackson and Earle who showed that the acidi 
fication of the methyl picrate-sodium isopentoxide adduct 
gave nearly equal proportions of methyl and isopentyl picrate 
They also showed that the product was not an equimolar 
mixture of the two possible symmetrical alkoxy adducts.
The present day representation of the adducts formed 
from these interactions would be as shown below, (VI),
(where R=alkyl) with the negative charge delocalised about 
the ring and the: metal appearing as a cation. Salts of this
general type have "become known as "Meisenheimer" complexes
9
"but it has been suggested that this does not take into
consideration the contribution made by Jackson and that it
might perhaps be more fitting to designate these complexes
as "Jackson-Meisenheimer" complexes.
It must be pointed out that the formation of these
complexes is not the only interaction that takes place
between polynitroaromatic compounds and bases. For example,
10 11Meyer * suggested very early on that the coloured species 
produced in basic solutions could be caused by the removal 
of a proton form the ring to produce an ion. There also 
exists the possibility of transfer of an electron from the 
base to the polynitroaromatic compound resulting in the 
formation of radical anions, and also the formation of donor- 
acceptor complexes between neutral molecules. It is worth­
while, therefore, to briefly consider each of these inter­
actions in turn, starting with a slightly more detailed 
discussion of the addition complexes formed by these compounds.
2.1.2 Addition Complexes.
The early investigations which have just been described 
were based on the ability to separate out the solid adducts 
and then to carry out an analysis on the solid compound.
With the advent of the various forms of spectroscopy, however,
study of these complexes became very much easier. As has 
already been mentioned, the complexes formed by the inter­
action of polynitroaromatic compounds with bases in solution 
usually have very intense, bright colours. One of the methods 
used to study these complexes has therefore been uv-visible 
spectroscopy. A few of the systems which have been studied
using this method are s-trinitrobenzene with aliphatic
1 2 1 "5 1 *5
amines in chloroform, dioxan 9 and in ethanol ; a series
of 1-X-2,4,6-trinitrobenzenes with alkoxides ions in a
number of non-aqueous solvents1 "^ (where X=alkoxyl); s-trini-
trobenzene and a series of substituted 1-X-2,4,6-nitrobenzenes 
15in ammonia ; and the reactions of 1,3-dinitrobenzene and
a series of substituted 1-X-2,4-dinitrobenzenes and s-tri-
16 17 18nitrobenzene with acetone in basic aqueous solutions 9 9
(the so-called Janovski reactions and Zimmermann reactions).
The spectral properties and formation constants for the
reaction of s-trinitrobenzene with a variety of anions in
different solvents have been collected together by Buncel 
19and co-workers and are presented in Table 2.1. Except 
for the spectra of the s-trinitrobenzene-hydroxide ion and 
the s-trinitrobenzene-sulphite ion complexes in aqueous 
solution which possess a single sharp maximum, all the other 
spectra display two distinct maxima in the 400 - 700nm region.
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The molar extinction coefficient of the higher energy hand
is typically a factor of from 1.3 to 2.5 times larger than
that of the lower energy hand and is characterised hy a
value in the range 2x10^ - 4x10^lM "'em."' Although a very
large amount of information has heen obtained from the use
of uv-visible spectroscopy, there are many inherent prohelms
with this technique and hy itself it does not, in general,
provide conclusive evidence of the species present.
20In 1964, Crampton and Gold carried out an nmr study
on some of these complexes and reported the chemical shifts 
for the methyl and aromatic protons of methyl picrate and its
potassium methoxide complex in dimethylsulphoxide solution,
and for s-trinitrobenzene and its potassium methoxide complex
in dimethylsulphoxide (Table 2.2). In s-trinitrohenzene
Species Chemical shifts (ppm)
Methanol 3.14
Methyl picrate 4.07(3) ; 9.07(2)
Methyl picrate-potassium 
methoxide complex
3.03(6) ; 8.64(2)
s-Trinitrobenzene 9.21
s-Trinitrobenzene-potassium 
methoxide complex
3.10(3) ; 6.14(1)a ; 8.42(2)b
Numbers in brackets represent relative peak areas; 
a: broad, suggests unresolved multiplet 
b: doublet
20Table 2.2 u
the three aromatic hydrogen atoms are equivalent and only a 
single resonance is observed. However, in a solution con­
taining the complex,resonances are found in two separate 
regions in the approximate intensity ratio of 2:1. The 
spectrum is consistent with the structure (VII) below. The 
resonance at 6.14ppm is due to the proton bonded to the 
tetrahedral carbon atom. The authors attributed the broadness
OCH,
'NO,N2
H
NO 2
(VII)
of the signal to unresolved spin-spin coupling'to. the other 
two ring protons. The signal from the other two ring protons 
occurs at 8.42ppm and is a doublet due to spin-spin coup­
ling with the C—1 proton. The resonance at 3.10ppm is due to 
the protons of the methoxy group. Crampton and Gold also 
pointed out that the observed spectrum is not compatible 
with that expected from a species formed by abstraction of
a ring proton, or with that of a complex in which the
20equivalence of the ring protons is preserved.
Following Grampton and Gold's study, a whole host of
papers appeared concerning the nmr of complexes formed
21 -'3 3
from alkoxide addition to polynitroaromatics. As
has been pointed out hy Hall and Poranski^, much of the work
was repetitious hut some important observations were made
22 28in the course of this work. For example, Servis * made 
the important observation that the initial addition of ' 
alkoxide to a solution of a polynitroaromatic does not 
necessarily generate the same species as is precipitated 
from such a solution. He found that if concentrated sodium 
methoxide solution was added to a solution of methyl pic- 
rate in dimethyl sulphoxide, the nmr spectrum initially 
produced was that of the adduct (VIII). The spectrum showed
OMe
0 NO2
OMe
(VIII)
two pairs of doublets due to the spin-coupled ring protons, 
having chemical shifts of 6.17 and 8.42ppm. With time, the 
spectrum gradually changed to that of the thermodynamically 
more stable adduct (IX) with a single resonance at 8.67ppm. 
The conversion of the C-3 adduct (VIII) to the C-I adduct
OCH,
0
(IX)
(IX) was found to "be catalysed by methanol and these eon-
34clusions have since been confirmed by Crampton and Gold, 
who found that the conversion is also catalysed by metho­
xide ion. In solutions rich in methanol-the rate of con­
version is so fast that the nmr spectra obtained give no
evidence of the C-3 adduct. Visible spectra of methyl pi-
35 36rate in methanol * indicated that at high base concen­
trations a higher complex is formed. The probability that 
this is indeed the case was increased by the observation
28
made by Servis that two nmr bands with shifts of 6.13 and 
8.80ppm could be attributed to the ring protons of (X) in 
solutions of methyl picrate in dimethylsulphoxide contain­
ing excess sodium methoxide. At very high base concentration 
it has been reported that the methyl picrate adduct is
70
converted into a colourless species ’ • which is probably
the tri-adduct.
OMeMeO
NO0
OMe
NO
(X)
Three years after the first report of the nmr spectra of 
these complexes, the first crystal structure determinations of 
the complexes derived from methyl picrate and methoxide^* ^  
and from ethyl picrate and e t h o x i d e ^ w e r e  reported. For 
the ethyl picrate-potassium ethoxide complex it was found that 
the C1 carbon of the ring is tetrahedral, the C1-C2 and C2-C6 
bonds being 1.542 and the C2-C1-C6 angle being 107.8?
The C2-C3 and . C5-C6 bonds are shortened from the 
normal aromatic length to 1.3472 which accomodates the 
hybridisation change at C-1• The ring and the substi­
tuent nitro groups are essentially coplanar. The nitro 
groups are not extensively rotated with respect to the
43plane of the ring as they are in the parent ethyl picrate; 
The C-N bond at C4 is shorter than the other two equi­
valent C-N bonds. Using the structural parameters for 
the complex and the parent ethyl picrate Destro and co- 
workers calculated that complexing ethyl picrate with 
ethoxide ion decreases the electronic charge of the ring 
from 5.64 to 4.33 TT electrons, which is essentially in
agreement with similar molecular orbital calculations
44performed by Caveng and co-workers.
Prom the discussion so far, it can be seen that the 
formation of these "Meisenheimer’1 complexes involves de­
localisation of electron density, originally associated 
with the nucleophile, into the electron deficient aromatic 
with simulatenous formation of a covalent bond to the
aromatic ring carbon. This ring carbon then.becomes tetra-
45hedral in the resulting complex. Strauss has proposed 
a schematic method of representing this reaction (equa­
tion 2.1) for the case of a charged nucleophile reacting 
with an electron-deficient benzene containing the electron 
withdrawing groups E.
The complexes initially studied most intensely, and 
to which the present chapter is devoted, were the adducts 
of nucleophiles with bezenoid and naphthalonoid polynitro- 
aromatics. However, it is now realised that nitro groups are 
not essential for rapid, reversible complexation. Nume­
rous aromatic and heteroaromatic compounds form quite stable 
complexes with many different nucleophiles. The aromatics
which have been studied include thiophenes^, selenophanes^J
48 49.50 51 52 55furans , purines * , anthracenes , pyridines , diazines ,
polycyanobenzenes-^, benzofuroxans^, azulenes^ and tro- 
57pones. The list of nucleophiles which have been used is
also very extensive and includes amines, alkoxides, cyanide, 
sulphite, bicarbonate, thioethoxide, thiophenoxide, azide, 
hydride, ketone anions and salts of mononitroalkanes and 
this list is not exhaustive.
2.1.3 Proton Transfer Processes
58As long ago as 1937, Kharasch and co-workers first 
suggested the use of isotopic exchange as a tool for the 
study of proton transfer processes in aromatic nitro com­
pounds. Their treatment of s-trinitrobenzene with 0.02M 
sodium hydroxide in an ethanol - D^O mixture at 110°C for 
68 hours resulted in a dilution of the deuterium of the 
medium to an extent equivalent to exchange of over two
hydrogen atoms from the s-trinitrobenzene. However, as
34was pointed out by Crampton and Gold , this result can­
not be accepted at its face value because nucleophilic 
displacement of one of the nitro groups of s-trinitro- 
benzene occurs even under milder conditions than those 
used in the exchange study^. However, the observation^*^ 
6f deuterium exchange between m-dinitrobenzene and mildly 
alkaline dimethylformamide-deuterium oxide mixture strongly 
suggests that anions such as (XI), resulting from proton
loss, can be formed, at least as transient intermediates,
- 72 -
H 
H
(XI)
in certain -basic media. 'The idea was also put forward
that such ions were responsible for the colour of the
alkaline solutions of m-dinitrobenzene?^,^ ,^ ,^  This
65idea was contested by Poster and Mackie on the grounds
that exchange experiments could be carried out in weakly
basic media in which no colur was produced. The problem
34was examined quantitatively by Crampton and Gold. In 
tritium labelled methanol and methano1-dimethylsulphoxide 
mixtures containing sodium methoxide both the rate of 
exchange and the colour intensity increases as the basicity 
of the medium (as measured by the H_ acidity function) 
increases. However, beyond a certain basicity (H__^21) both 
the rate and the absorbance level off. The development of 
colour appears to be instantaneous throughout the range 
of basicities. Even at the basicities corresponding to
maximum absorbance the rate of tritium exchange still 
follows a first order rate law so that the carbanion can­
not be present to any significant concentration. The 
results are consistent with the fact that the coloured 
species represents an unreactive form of the substrate 
in the exchange process, with the exchange process it­
self taking place through proton removal from m-dinitro- 
benzene which has not been converted into the unreactive 
coloured form.
The available evidence thus indicates that the 
dinitrophenyl anion and by analogy, the trinitrophenyl 
anion is not formed in more than a very small concentration
in the interaction of aromatic nitro compounds with bases.
61The suggested mechanism for the exchange process for
m-dinitrobenzene and a base Y is shown below (eqn 2.2 & 2.3).
34-Prior to the work carried out by Crampton and Gold, 
further conflicting evidence had been presented. In 1954 
Ketelar and co-workers^ had reported that s-trinitroben- 
zene failed to undergo hydrogen exchange in 8M NaOH in
67D20 and following on from this Miller and Wynne-Jones 
reported that s-trinitrobenzene failed to undergo exchange 
in pyridine-D20 . Crampton and Gold, however, found that 
exchange occured in s-trinitrobenzene at a measurable rate 
under conditions where virtually all of the substrate had 
been converted to the coloured form. The nMeisenheimer"
- 74 -
NO
NO
Y~ Slow y
no,
NO
(eqn 2.2)
NO,
fast 
+ V  ----- >
NO,
NO
NO
+ OD
(eqn 2.3)
YH + OD~ v Y~ + HOD
(eqn 2.4)
complex itself was thought to he very unreactive with 
regard to the loss of a proton from the ring and this 
implied that the free s-trinitrobenzene must he very 
reactive in the exchange process. The failure of the 
previous workers to observe exchange 9 1 can only he 
attributed, therefore, to the fact that the methoxide
addition is more thermodynamically favoured. The above 
discussion shows quite clearly that exchange processes 
are an important aspect of the interactions of polynitro- 
aromatic compounds with bases.
2.1.4 Formation of Radical Anions.
The transfer of a single electron from a base to a 
polynitroaromatic compound results in the formation of 
radical anions. 4-NitrotoTuene^8,^ > for example, has been 
shown by electron spin resonance techniques to give a 
high concentration of radical anions when dissolved in 
t-butanol or t-butanol - DMSO mixtures to which potassium 
t-butoxide has been added. Solutions of m-dinitrobenzene
/TO
in potassium t-butoxide - t-butyl alcohol, potassium
70t-butoxide - t-butyl alcohol - dimethylsulphoxide
71 72and basic acetonitrile * have been shown to contain
the radical anions of m-dinitrobenzene. In contrast,
s-trinitrobenzene in t-butoxide solutions gives only low
concentrations of radical anions and this can be ascribed
to the intervention of -complex formation between the 
70two reactants.
The rate of radical anion formation is solvent depen- 
70dant, and the esr studies show that the radical anions
of nitroaromatic compounds may interact strongly with the 
73solvent. Many of the radical anions of nitroaromatic
compounds are reported to be coloured. m-Dinitrobenzene
for example,^ yields a bright violet solution immediately
after the start of electrolysis in dimethylformamide
and 2,6-dinitrotoluene under the same conditions gives
75a bright red solution, Ward has also reported the colour 
of solutions of m-dinitrobenzene in 1,2-dimethoxyethane 
and they vary from a light yellow with a lithium counter 
ion to a dark orange with a caesium counter ion.
The extent to which radical anions are present under 
conditions which lead to significant concentrations of
59cr-complexes in solution is uncertain. Gold and Rochester 
observed no esr spectrum from solutions of s-trinitroben- 
zene in methanolic sodium methoxide or ethanolic sodium 
hydroxide solution, and Russell and co-workers observed 
only low concentrations of radical anions in t-butyl 
alcohol solutions of potassium Tt-butoxide with s-trinitro- 
benzene^*^>70 ^  appears> therefore, that the presence
of radical anions in the present studies is only of passing 
interest.
The same also applies to charge transfer complexes.
There is some evidence that these complexes are present in 
basic solutions containing polynitroaromatic compounds and 
there have been several reviews pertaining to various aspects
r7£—, 70
of these complexes. For the purposes of the present
chapter, however, they are also only of passing interest.
2.1.5 Substitution Reactions of Nitro Compounds.
There are three well known types of aromatic substi­
tution which are based on the nature of the attacking 
species. In electrophilic substitution an electron deficient 
species X displaces a leaving group which, if it is 
hydrogen, is displaced as a proton as shown in equation 
2.5. In radical substitutions the process is homolytic with 
both the substrate and the reactant contributing one 
electron to the new bond and, in the case of hydrogen as 
the leaving group, a hydrogen atom is displaced as shown 
in equation 2.6. In nucleophilic substitution an electron 
donating species Z~ (nucleophile) replaces a nucleofugic 
(leaving) group attached to the substrate framework and, 
if the leaving group is hydrogen, it is displaced as a 
hydride ion as shown in equation 2.7. The nucleophilic
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..... (eqn 2.7) 
displacement of hydrogen, however, is only rarely ob­
served and occurs only when the intermediary anion is
stabilised by electron withdrawing substituents at sui-
79table positions in the substrate. The strongly electron- 
withdrawing nitro group i:s eminently suitable for such 
stabilization. As an example, nitrobenzene gives con­
siderable quantities of o-nitrophenol when heated with 
powdered, super-dry potassium hydroxide, whereas un­
substituted benzene under similar conditions does not
79yield a trace of phenol.
The topic of the present chapter is aromatic nitro 
compounds and the activating effect of nitro groups 
in nucleophilic displacements is very well known. Varia­
tion of nucleophilic agent, leaving group and the acti­
vating substituents in the nitroaromatic substrate leads 
to a profusion of different reactions. One might expect 
that a good nucleophile would react faster than a poor 
nucleophile with all substrates. Similarly, a good leaving 
group might be expected to give an increased substitution 
rate whatever substrate or nucleophile is involved. How­
ever, this simplified ordering of nucleophiles, substrates 
and leaving groups is not supported by experimental
observations. In fact, in order to explain the nucleophilic 
power of the reagents or the mobility of the leaving 
groups, one must consider the mechanism of the parti­
cular substitution reaction as well as other factors. 
Usually three different mechanisms are considered as 
shown below (eqns 2.8, 2.9, 2V10). In nitroaromatic 
systems it turns out that the addition elimination me­
chanism (eqn 2.8) operates almost exclusively. How­
ever, the picture is further complicated. The addition- 
elimination mechanism can be further split up as shown
a) Addition-elimination mechanism
Cl Y Cl Y
2
a2
+ Cl
(e<Jn 2.8)
b) Elimination-addition mechanism
NaOH
Cl
(eqn 2.9)
in equations 2.11 and 2.12. These are also represented by 
the energy diagrams shown in Eigs 2.1 and 2.2 respectively.
c) SN1 mechanism
o -N, H 90 > +H
(eqn 2.10)
a1) One stage process
X
+ Y
X. .Y
N ✓
y2-
TS
X
(eqn 2.11)
a2) Two stage process
X
o + Y
X
• w  -/
TS1
X
r S-
x + o
X.
1 4-\ * J
TS2
(eqn 2.12)
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Reaction co-ordinate
(a) One stage process.
Rig. 2.1
TS1
£©
TS2
Intermediate
Reaction co-ordinate
(a2) Two stage Process 
Pig. 2.2
There has “been some controversy as to which type of
mechanism is actually operating in nucleophilic aro-
79-85matic substitution. J The two-step mechanism is now 
generally accepted although there is no rigid proof 
for its general applicability. The literature on the 
subject is vast and no attempt will be made to review 
it here. Reference 79 gives a fairly good account of 
the subject. It is sufficient to state that the two- 
stage mechanism holds for many nucleophilic displacements 
and is supported by extensive kinetic and other inves­
tigations, especially by Bunnett®^*®^ and Miller?^’®9»90,91
There is ample evidence for the occurence of Meisenheiner 
79complexes and one example will suffice.
92In 1970 Orvik and Bunett reported the detection 
using uv-visible spectroscopy of an intermediate species 
in the reaction of 1 -ethoxy-2,4-dinitronaph.thalene with 
n-butylamine in dimethylsulphoxide and they examined the 
kinetics*of its decomposition. They proposed the se­
quence as shown below, eqn 2.13, for the reaction. Exa­
mination of the interaction of 1-ethoxy-2, 4-dinitro-
93 94-naphthalene with secondary amines * showed that com­
plexes similar to (XII) are found and are quite stable. 
Then, in 1977, Eyfe and co-workers^’^  applied the 
technique of flow nmr spectroscopy to this reaction 
and obtained spectra of an intermediate which was in
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BuNH+ A BuNH,
BuNH OEt
NO 2
NO,
(XII)
NBu
NO
NO
I
BuNH,
OIO
(eqn 2.13)
general agreement with that expected from the c-complex
(XII). This clearly indicates the applicability of a 
two-stage mechanisum in this case. They also reported on
- 84 -
96the reaction of 2,4,6-trinitrotoluene with n-butylamine 
and obtained spectra which were in general agreement with 
the mechanism shown below (eqn 2.14). They also mentioned
OMe MeO NHBu
NO
+ 2BuNH,
o 2n NO
NO
+ B u S h
A
NBu
V
NHBu
NONOo 2n 2
NO
N 0 ^
o 2n
NHBu
NO
HBu
NO
+ BUNH2 + MeOH
(eqn 2.14)
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the difficulty of working with 1-ethoxy-2,4-dinitronaph- 
thalene because of the relative complexity of the nmr 
spectra obtained.
2.1.6 Tritium nmr.
One of the main methods used in the analysis of the 
compounds prepared during the course of this work was 
tritium nmr. It is pertinent, therefore, to introduce the 
technique. Many of the advantages and disadvantages in the 
use of tritium nmr will also become clear in the following 
discussion.
The use of tritium nmr on a routine basis is com­
paratively recent. One reason is that in early experiments 
large amounts of radioactivity had to be used to overcome
the relative insensitivity of the method. For example, in 
971964, Tiers and co-workers reported on the tritium nmr 
spectrum of ( H)-ethylbenzene. They used 10Ci of 
( H)-ethylbenzene in a 300yul sample and pointed out the 
possibility of serious contamination problems should the 
spinning nmr tube fracture. At such high levels of radio­
activity there is a danger of fracture of the nmr tube from 
a build up of pressure due to self-radiolysis. One of the main
- 86 -
objectives, therefore, in the development of tritium 
nmr, was to reduce the amount of radioactivity which 
had to be manipulated. Many different factors have com­
bined to enable this objective to be realised. One of the 
overriding factors has been the introduction of pulse 
fourier transform nmr.
The first fourier transform algorithm was published 
98in1965 and the practicability of fourier transform
nmr spectroscopy was demonstrated by Ernst and Anderson in
1966?^ The work described in the present chapter has been
carried out on a Bruker WH90 pulse fourier transform
spectrometer.
Another contributory factor to the development of
tritium nmr was the use of microbulb techniques, which
were first described by Elath and co-workers^^ and
101were later modified for use with tritium. Eor tritium 
nmr all samples are sealed in strong microcells which 
are then supported inside standard capped nmr tubes as 
shown in Eigure 2.3. The microbulbs are very strong 
and have been shown to withstand dropping. The double 
containment procedure is an extra precaution. They will 
also withstand the considerable build up of pressure 
which takes place when highly tritiated samples are
10P
stored for long periods of time. No breakage or in-
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cident of contamination has occurred in the laboratory 
during the measurement of the tritium nmr spectra of 
hundreds of samples during the course of the past ten 
years. In the present series of experiments straight 
3mm nmr tubes were used in preference to the microbulb 
type. The procedure in handling is essentially the same 
for the two types. In the early experiments spherical
Inserting
rod
U 
Ml Teflon
holder
ijr"
Oik—  Bulb micro cell
(A) (B)
nmr
tube
sealed,
evacuated 3mm tube
Teflon rings
cci4 °r—y
deuterated solvent
(C)
(A) 10mm tube prior to insertion into nmr tube
(B) 10mm tube in nmr tube.
(C) 3mm tube in nmr tube.
Pig. 2.3
microbulbs of 30/ul were used. The present 3mm nmr tubes 
have an 80jil capacity and the 10mm nmr tubes have a AlOjil 
capacity.
The radioactive solution is introduced through a 
septum using a Hamilton 100^il syringe and the nmr tube 
is then sealed. Prior to usage the nmr tubes are attached 
and sealed to short lengths of 5mm glass tubing which 
allows the serum cap to be fitted. The tubes are evacuated 
using a hyperdermic needle attached to a vacuum pump. The 
evacuation procedure makes filling of the nmr tubes easier 
and also means that the air can be replaced by an inert 
gas or the tube can be left under reduced pressure which 
facilitates the sealing of the neck. 1-3mCi samples will 
give an adequate signal to noise ratio over a period of 
twelve hours for both qualitative and quantitative inter­
pretation of the resulting nmr spectrum. The outer nmr tube * 
is filled with carbon tetrachloride to help to prevent 
wobbling of the smaller inner tube. Other deuterated solvents 
may also be used instead of carbon tetrachloride if there 
is no deuterated solvent present in the sample. The deute­
rated solvent is then used as an "external" lock as the 
instrument requires a field frequency locking signal.
Usually, however, the sample is prepared in a deuterated 
solvent which provides the field frequency lock for the 
instrument.
102Referencing presented a special challenge. As 
with all spectroscopic methods, an appropriate reference 
standard is an essential requirement for the proper in­
terpretation of the data. Tritiated water was first used 
as an internal standard. However, the theory of tritium 
nmr indicates that the triton chemical shifts are essen­
tially the same as the corresponding proton chemical shifts.
102This suggested the use of "ghost" references. The proton 
nmr spectrum of the sample is obtained with TMS (or DSS) 
as an internal standard. The resonance frequency of the 
signal due to the TMS (or DSS) is then multiplied by the 
Larmor frequency ratio (proton ^  90MHz, tritium ^96MHz 
i.e. ratio 1.06663975) to provide a ghost reference for 
the tritium nmr spectrum.
Another consequence of the fact that proton and 
triton chemical shifts are effectively the same is that 
the vast data available from the literature on proton 
nmr spectroscopy and standard proton nmr spectra of 
various compounds is immediately available for the inter­
pretation of the corresponding tritium nmr spectra.
2.1.7 Methods of Tritiation.
It is now pertinent to give a brief introduction to 
the methods which are used to label compounds with tritium 
and to outline some of the advantages and disadvantages of 
the various methods. The isotopic exchange of organic com­
pounds using tritium gas was recognised as long ago as
1031956 by Wilzbach. The method involves the exposure of 
a small quantity of the finely powdered material (0.1-1.Ogms) 
to tritium gas (1-10Ci) for between seven and twenty days.
The method has been used to tritiate a large variety of : 
compounds including methane, sugars, steroids, polypeptides 
and ribonucleic acids. The method has several disadvantages 
e.g. a great deal of radiation damage takes place and this 
makes purification difficult; very high concentrations of 
tritium gas are required in order that labelling occurs 
to an appreciable extent. There have been modifications to 
the Wilzbach method^^’^ ^  which get round the problems of 
radiation damage and high concentrations of tritium gas 
required, but this is:still not a very widely used method 
of obtaining tritiated compounds. A more widely used method
involving tritium gas is that developed by Evans and co-work
106workers, and is based on the ability of hydrogen atoms in 
certain positions in molecules to exchange with tritium gas 
in the presence of a metal catalyst (usually palladium).
Carbohydrates, amino-acids, purines, nucleosides, nucleo­
tides and steroids have all been labelled using this method 
and the products were found to be of high specific activity 
and purity. Other methods of tritiation which involve the 
use of tritium gas are the reduction of unsaturated com­
pounds using platinum or palladium metal catalysts as 
shown in equation 2,15. Included in this category are the
CH5 (CH2)7C = C ( C H 2 )7C0 2CH f— CH3 (CH2 )7CT=CT(CH2 )7C0 2CH3
  (eqn 2.15)
reductions of alkynes, alkenes and aldimines etc. As well
as reductions, catalytic replacement reactions may also be
used. For example, Cl,Br or I may be replaced in substituted
aromatic compounds using tritium gas and a palladium cata-
102lyst as shown in eqn. 2.16.
  (eqn 2.16)
There are many methods which do not involve the
use of tritium gas. One of the main methods is to use
a metal catalyst in either a heterogeneous or homogeneous
form along with tritiated water. An extensive study
of '.the., heterogeneous method of exchange has been
107 108 109carried out by Garnett and co-workers. 9 9 They
found that platinum was the most active of the transi­
tion metals. Typically the organic compound is vacuum 
sealed in an ampoule containing some tritiated water 
and prereduced platinum dioxide and the ampoule is then 
shaken for several hours at a temperature between 30°C 
and 150°C. This is the most widely used of the methods 
for obtaining generally labelled compounds and a wide 
range of compounds may be labelled including amino acids, 
polycyclic aromatic hydrocarbons, purines, pyrimidines, 
nucleosides and steroids. The level of radioactivity 
required is low and the product is usually radiochemically.
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pure. Also, the compound does not necessarily have to
exchange with tritiated water as tritiated benzene may
also be used. It has been found, however, that compounds
containing sulphur, nitro or iodide groups tend to poison
the catalyst due to strong chemisorption at the catalyst
surface. Garnett and co-workers have also developed a
110 111homogeneous method of labelling organic compounds. 9 
For homogeneous labelling the substrate (0.5ml) is heated 
for five hours at 120°C in a sealed evacuated ampoule 
with a catalyst solution containing acetic acid (2M) 
tritiated water (1M), hydrochloric acid (2.6 x 10”^M)
— •z 112 11 "5
and potassium tetrachloroplatinate (2.6 x 10" M). *
The method has been successfully employed to label simple 
alkanes, aromatic hydrocarbons and nitro compounds.
Many kinds of Lewis acids have been used to induce 
exchange and of these ethylaluminium dichloride is amongst 
the most r e a c t i v e ! ^ ^ 9^ ^  Typically, ethylaluminium 
dichloride (O.OTgms) is added to the organic substrate 
(Q.2gms) under dry nitrogen and the solution is then 
heated with a drop of tritiated water. After about 5- 
10mins water (1ml) is added to ensure complete hydrolysis. 
The method has been successfully employed to label aro­
matic hydrocarbons and some alkenes. Oxygen and nitrogen 
containing compounds do not exchange.
Finally, a mention must be made of the most widely 
used method of labelling carbon acids. This is straight­
forward isotopic hydrogen exchange in basic solutions. 
Using this method the compound is allowed to exchange 
with tritiated water in one of three different types of 
media. Relatively acidic compounds such as -diketones, 
p -disulphones, nucleotides etc can be made to exchange 
in a neutral solution of tritiated water. For less acidic 
carbon acids such as acetophenones, benzyl cyanides and 
nitro compounds a solution of tritiated water with added 
sodium or potassium hydroxide is used. If the rate of 
incorporation of the label under these circumstances is 
slow, then highly basic media may be used. This method 
has been employed for unsubstituted hydrocarbons and also 
for nitro compounds. The medium of choice is usually 
tritiated water-dimethylsulphoxide-hydroxide, at room 
temperature.
2.2 Experimental and Results.
2.2.1 s-Trinitrobenzene
One of the first of the !,Meisenheimern complexes 
to be prepared and isolated was that formed by 
s-trinitrobenzene in a solution of methanol containing
3potassium hydroxide. The nmr spectrum of this complex
20has been reported by Crampton and Gold and isotopic
exchange of s-trinitrobenzene appears to take place
34_ *117
under relatively mild conditions. 9 S-trinitrobenzene
was, therefore, chosen as a good starting point for the
present work.
It has been found throughout the course of the '
present work that even the relatively strong conditions
used by Crampton and Gold are unnecessary for exchange
to be obtained in s-trinitrobenzene. The most convenient
method of tritiating s-trinitrobenzene which has been
found is as follows. Firstly s-trinitrobenzene (0.2gms
recrystallised from ethanol mp 120°C lit mp 121-122°C)
is weighed into an ampoule- and a small amount of a ground
up pellet of sodium hydroxide was also added. The ampoule
was then constricted as shown in Figure 2.4 (2). Care
was taken to ensure that no s-trinitrobenzene was
present at the top of the ampoule and that the ampoule
did not get hot in the region of the s-trinitrobenzene.
Although only small Quantities were being handled the
118fact that s-trinitrobenzene is a high explosive means 
that it has to be treated with respect and care. The 
explosion temperature (5secs) of s-trinitrobenzene is
Rubber tube to 
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Septum
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in bunsen flame
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liquid present
s-trinitrobenzene
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Fig. 2.4
550°C. The ampoule was then evacuated as shown in Fig. 
2.4 (3) p-Dioxan (300^ul) and tritiated water (20fil 
5Ci/ml) were then syringed into the ampoule and the 
ampoule was sealed and put in an oil bath at 88°C for 
three to four hours. The high temperature was used be­
cause sodium hydroxide is very insoluble in dioxan even
with some water being present. The higher tem­
perature also ensured that exchange was complete 
within four hours. Lower temperatures may be used 
if sodium or potassium methoxide (20pl ^1M) is 
used instead of sodium hydroxide.
After four hours the reaction mixture was 
poured onto HC1 (4ml, 1M) and the s-trinitrobenzene 
was extracted with ether. The ether was then freeze- 
dried over using the procedure outlined in chapter 1 
(in preference to simply evaporating off the ether 
which may lead to contamination of the surroundings) 
and the tritiated s-trinitrobenzene was then,re­
covered ( ^90mGi) .. , A small portion of the tri­
tiated s-trinitrobenzene was then dissolved in 
dg-acetone ( 100jul) and the sample was sent for
nmr analysis in a 3mm nmr tube as has already been 
described. The proton and triton spectra obtained are 
shown in Figure 2.5 and are both identical in having 
peak at 9.4ppm which is due to the equivalent aromati 
protons in the ring.
Some attempts were then made to prepare the 
Meisenheimer complex by reaction of s-trinitrobenzene 
with sodium or potassium methoxide in methanol or
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other solvents. The basic procedure for the pre-
119paration of the complex has been described by Dyall 
1 20
and by Webb. Because of the quite high levels of 
activity required to obtain a good tritium nmr spec­
trum and also the small quantities that will dis­
solve in 80 - 100/ul of solvent, the procedures out-
119 1 20lined by Dyall and by Webb could not be followed
exactly. An attempt was therefore made to prepare the 
complex by dissolving s-trinitrobenzene ( <v 0.2gms) 
in d^-methanol (1ml). Sodium methoxide (lOOjul, 1-2M 
freshly prepared in a dry box) was then added to 
the methanolic solution of s-trinitrobenzene and the 
mixture (<v0.5mls) was sent for analysis in a 10mm 
nmr tube. The spectra obtained are shown in Figure 
2.6. The proton spectrum was not very informative.
No unreacted s-trinitrobenzene appeared to be pre­
sent and a peak at 8.2ppm could be taken as being 
indicative of the complex being present. If this 
was the case, however, there should have been a 
peak with half the intensity at about 6ppm and no 
such peak appeared in the proton spectrum. The tri­
tium spectrum showed that all the tritium was pre­
sent in the methanol and this indicated that straight­
forward exchange had taken place as well as complex 
formation.
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Some experiments were then carried out to
determine the second order rate constants for 
detritiation of s-trinitrobenzene at 25°C in va­
rious media. The basic procedure has been outlined 
in chapter 1 . The value for the second order
rate constant obtained in aqueous solution con-
- 2 -1 -1taining sodium hydroxide was 4.5 x 10 M sec.
The second order rate constant obtained in so-
-2 -1 -1dium methoxide in methanol was 3.4 x 10 M sec
and in sodium ethoxide in ethanol the value was 
-2 -1 -17.1 x 10 M sec. As the complex was prepared 
in a 0.1 - 0.2M sodium methoxide solution the half 
life for exchange of the s-trinitrobenzene at 25°C 
is approximately 1%mins which is much too fast for 
a tritium nmr spectrum to be obtained.
In the light of these results it was decided 
to try and obtain the spectrum of the Meisenheimer 
complex at low temperatures where exchange should 
not occur to any appreciable extent. Some preli­
minary experiments with inactive material showed 
that s-trinitrobenzene was just soluble enough in 
methanol at the chosen temperature ( -20°C ) for a 
tritium nmr spectrum to be obtained. However, when
sodium methoxide was added to the solution at this 
temperature, no evidence of Meisenheiner complex 
formation was obtained. The tritium nmr spectrum 
of a solution of (oL H )-s-trinitrobenzene dissolved 
in d^-methanol (1ml) and 5Ctyil (1-5M) potassium me­
thoxide which was immediately cooled to -20°C is 
shown in Figure 2.7. The spectrum simply shows the 
presence of s-trinitrobenzene (a single peak at 9.4ppm) 
The complex does not appear to form at low tempe­
ratures in methanol. Another solvent which was found 
to dissolve s-trinitrobenzene sufficiently at -20°C 
was chloroform and a repeat of the above experiment 
was carried out using chloroform as a solvent. Once 
again no evidence was obtained for complex formation 
and merely a spectrum of s-trinitrobenzene was ob­
tained (Fig 2.8). Dimethylformamide could also be 
used as a solvent at these temperatures but it was
decided to try another approach to the problem.
120In the method described by Webb the complex 
is precipitated out of solution using benzene and is 
filtered, washed and then redissolved in a deuterated 
solvent for nmr analysis. Because of the small amounts 
of s-trinitrobenzene which can be used and the high 
activities, this approach did not appear to be the best 
at first. However, in the light of the above experiment
- 103 -
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it was decided to give the approach a try. Some dry 
sodium methoxide (0.74M) was freshly prepared. A 
solution was then made up containing s-trinitrobenzene 
(50mg) in dry methanol (0.5ml) in a 25ml quick fit 
round bottomed flask in a dry box. 0.4ml of the 
stock methoxide solution were then added followed 
by benzene (1.0ml). After two minutes the solution 
was frozen and the solvents were freeze dried-over.
The isolated complex was then dissolved in d^- dimethyl -
■ . . . 3
formamide and sent for H nmr analysis. The nmr
spectra obtained are shown in Figure 2.9. The che-
120mical shifts obtained by Webb in dg-dimethylsulpho- 
xide for the complex were at 8.48ppm for the oC-hydrogens 
(figure 2.10) at 6.17ppm for the )3-hydrogens and at 
3.2ppm for the methoxide protons in the ratio 2.02 :71 : 
2.92. The signals in the tritium nmr spectrum shown in 
figure 2.9 come at 8.60, 6.21 and 4.26ppm respectively. 
The baseline is not good enough for a realiable in­
tegration to be obtained. The signal at 5.4ppm is 
an artifact derived from the pulse point and shows up 
because of the low signal to noise ratio. The signals 
obtained are entirely consistent with the "Meisenheimer" 
complex having been obtained.
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2.2.2. m-Dinitrobenzene
The tritiation of s-trinitrobenzene, previously 
outlined, was a relatively simple exercise. However, 
it is known that there are not many good and reliable 
methods of labelling nitro compounds. M-dinitrobenzene
was, therefore, chosen as a good starting point 
for an investigation and comparison of the various 
methods of labelling nitro compounds. Before des­
cribing the work carried out it is worth mentioning 
some of the hazards in the use of m-dinitrobenzene.
Dinitrobenzene is one of the most toxic of industrial 
118 121poisons 9 (the commercial product consists mainly 
of m-dinitrobenzene). Poisoning may be caused by in­
haling the vapours or by absorbtion through the skin 
and it affects both the blood and liver causing the 
formation of methaemoglobin giving the skin and mucous 
membranes a bluish colour. Only very small concen-
trations (1mg 1 M ) may be sufficient to cause acute 
118poisoning. Also m-dinitrobenzene has been used as an 
explosive but its great toxicity and the difficulty 
in effecting complete detonation make it of very 
little use.
The deuteration of m-dinitrobenzene has already 
been described and it was carried out in highly 
basic media. It was found at an early stage in the 
course of the present work that tritiation of m - d i ­
nitrobenzene in dimethylformamide led to pro­
blems in the isolation of the m-dinitrobenzene from
the dimethylformamide and in all the nmr spectra 
obtained after using dimethylformamide as a sol­
vent the line widths were considerably broadened. 
Dimethylsulphoxide was also considered as a sol­
vent for the exchange reaction but at higher tem­
peratures the dimethylsulphoxide tends to exchange 
in preference to the organic compounds and as it is 
present to a much greater molarity there is only 
very little tritium incorporation into the organic 
compound. A preliminary series' of experiments were, 
therefore, carried out using deuterium oxide to de­
termine suitable conditions for exchange to be carried 
out. A stock solution of m-dinitrobenzene (0.23gm) 
was prepared in 6ml deuterated methanol. A stock 
solution of sodium methoxide (1..12M) in methanol was 
then prepared and 0.6ml was added to the solution 
containing deuterated methanol. The spectra obtained 
at various time intervals are shown in Figure 2.11.
The experiment was carried out at 33°C (temp of nmr 
instrument) and it can be seen that the exchange is 
much slower than for s-trinitrobenzene, as might be 
expected. A stock solution of m-dinitrobenzene (0.4M, 
1ml) was then prepared in dioxane and some sodium
deuteroxide (4<^ ul 2.6M) was added. The spectra ob­
tained at 33°C are shown in Figure 2.12. A stock
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solution of m-dinitrobenzene (0.4M, 1ml) was then 
prepared in hexamethylphosphoramide and some sodium 
deuteroxide was added 2.6M). The spectrum ob­
tained at 33°C are shown in Figure 2.13. Hexamethyl-
phosphoramide was used because it forms highly basic
122media in a similar way to dimethylsulphoxide. In 
dioxan the 2-position did exchange to some extent 
and in hexamethylphosphoramide once again the m- 
dinitrobenzene appeared to be deuterated but this 
did not appear to be confined to the 2-position.
The first of the above methods described for 
the case of methanol could not be used because the 
methanol present to dissolve the m-dinitrobenzene 
would dilute the tritiated water to such an extent 
that very little exchange would be obtained and un­
less large quantities of tritiated water were used 
there would not be enough activity in the m-dinitro­
benzene to obtain a tritium nmr spectrum. m-Dinitro-
benzene(100gm, recrystallised from ethanol, mp 89°C 
o 12 ^5lit mp 90.02 C ) was, therefore, weighed into an 
ampoule and p-dioxan (1ml) was added. Sodium methoxide 
(200yul, 4M) and tritiated water (20yul, 5Ci/ml) were 
then syringed into the ampoule and the latter sealed
and put in an oil bath at 45°C for 4 hours. The 
solution was removed and quenched with HC1 (1M) 
and the m-dinitrobenzene was extracted from the 
aqueous solution using benzene. The benzene was 
freeze dried over. The m-dinitrobenzene (13niCi) 
recovered was redissolved in dg-acetone and sent 
for nmr analysis in a 10mm nmr tube. The proton 
and triton spectron obtained are shown in Figure 
2.14. The tritium spectrum shows that exchange 
has occured in the 2-position only (the most down- 
field peak).
The deuteration experiments carried out in­
dicated that exchange in hexamethylphosphoramide 
might lead to exchange in more than one position 
of m-dinitrobenzene. m-Dinitrobenzene (100mg) re­
crystallised was weighed into an ampoule and 0.7ml 
hexamethylphosphoramide was added. Sodium methoxide 
(200yul, 4M) and tritiated water (20jul, 5Ci 1ml) were 
then syringed in and the ampoule was sealed and placed 
in an oil bath at 45°C for 4 hours. The reaction mix­
ture was then quenched with HOI (1M) and the m-dini- 
trobenzene extracted from the aqueous solution using 
benzene. The recovered m-dinitrobenzene (l5mCi) was
- 113 -
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dissolved in dg-acetone and sent for nmr analysis 
in a 10mm nmr tube. The proton and triton spectra 
are shown in'Figure 2.. 15. The proton spectrum shows 
that there is some m-dinitrobenzene present but it 
also shows that some decomposition has taken place. 
The tritium spectrum shows two signals at 7.8ppm 
and 8.9ppm.
Some preliminary experiments were then carried 
out to obtain a suitable system to separate out the 
various products formed in the reaction by prepara­
tive thin layer chromatography. The separation was 
carried out on silica gel using a benzene in carbon 
tetrachloride (2:1) solvent system. The results are 
shown in Table 2.3. One of the compounds that was 
likely to have been formed under these conditions is 
m-nitroaniline. However, as can be seen from Table
2.3 it was present only in a very small quantity.
The two main compounds obtained from the reaction 
mixture were m-dinitrobenzene and m-nitroanisole.
The proton and triton spectrum of . rw*nitroanisole 
are shown in Figure 2.16. The proton spectrum corres­
ponds very well with a standard spectrum of m-nitro- 
124anisole. ^ The index assigns the 2-proton as giving
rise to the signal at 7.69ppm. This not the furthest 
signal downfield hut the next furthest. It can he 
seen that the tritium signal corresponds to this 
position and so it is the 2-position which has ex­
changed in the m-nitroanisole, Formation of m-di- 
nitroanisole has heen observed under similar con-
125
ditions hut at higher temperatures than those used 
in the present study.
Band R.B.value
Activity
(mCi) Compound
>1 0.06 0.08 unknown
2 0.22 0.025 m-nitroaniline
3 0.35 0.10 unknown
4 0.50 5.6 m-dinitrobenzene
5 0.67 5.5 m-nitroanisole
Thin layer chromatrgraphy of mixture obtained from the 
reaction of m-dinitrobenzene with sodium methoxide in 
hexamethylphosphoramide on silica gel using benzene- 
carbon tetrachloride (2:1).
Table 2.5
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The proton and triton spectra of the recovered 
m-dinitrobenzene (in d^-acetone) are shown in . Figure 
2.17. The tritum spectrum shows two signals at 8.7 
and 8.9ppm (the signal at 9.7ppm in an artifact). To 
confirm this a repeat experiment was carried out 
using a slightly lower temperature (37.5°C) and % 
of the concentration of sodium methoxide and a longer 
time period ( 20 hours ). The rest of the experi­
ment was carried out in exactly the same manner and 
the tritium spectrum of the m-dinitrobenzene so ob­
tained is shown along with a standard proton spec­
trum (dg-acetone as solvent) (Fig 2.18). The tritium 
spectrum shows that the 4 and 6-positions of the m- 
dinitrobenzene have exchanged to the extent of 10% 
of the 2-position. (XIII) (see chapter one for re­
lative rates of exchange).
NO 2
10% relative
incorporation
90% relative
incorporation
(XIII)
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2.2.3 Polynitronaphthalenes
The preparation of Meisenheimer complexes of
polynitronaphthalenes was first reported by Pendler 
126and co-workers in 1975. They reported the iso­
lation of a number of complexes formed by di*>, tri-, 
and tetranitronaph t hal-en es upon interaction with al- 
koxide ions in highly basic media and they reported 
the nmr spectra of some of these complexes. However, 
polynitronaphthalenes do not give "simple” nmr spec­
tra and the use of tritium nmr could make the situa­
tion a lot clearer.
A solution of 1,3-dinitronaphthalene (20mg) was 
prepared in hexamethylphosphoramide (0.1ml). A small 
amount of sodium was added and tritiated water (2jul, 
50Ci/ml) was syringed into the mixture. The solution 
was sealed in a 3nim nmr tube and sent for nmr analysis. 
The tritium nmr spectrum (37 x 500 scans) is shown in 
Pigure 2.19 along with a standard proton spectrum ob- 
obtained in dg-dimethylsulphoxide. The tritium spec­
trum of 1,3-dinitronaphthalene shows two signals at 8.9 
and 9.35ppm corresponding to tritons in the 1,3- 
dinitronaphthalene and another'signal at X/4ppm. corres­
ponding to the tritiated water, After a couple of 
weeks the 1,3-dinitronaphthalene was recovered by
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pouring the mixture onto ice and HC1 and extrac­
ting the 1,3-dinitronaphthalene from.the aqueous 
layer using toluene. The sample was redissolved 
in d^-dimethylsulphoxide and sent for nmr analysis. 
The tritium spectrum of the recovered sample and 
a standard proton spectrum of 1,3-dinitronaphthalene 
in dg-dimethylsulphoxide are shown in Figure 2.20.
The tritium spectrum shows that the 1,3-dinitronaph­
thalene has exchanged in two positions and that it 
has exchanged more in the 4-position than in the 2- 
position (XIV).
NO p
15% relative
incorporation
85% relative incorporation
(XIV)
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So far the exchange reactions that have heen 
outlined for the nitroaromatic compounds have all 
been straightforward isotopic exchange reactions 
in various basic media. However, as was explained 
in the introduction, there are other catalytic me­
thods that can be used for isotopic exchange re­
actions. Unfortunately, most of the catalysts that 
are used are poisoned by nitro groups and are, there­
fore, of little value. For example, pre-reduced pla­
tinum dioxide is one of the most widely used ca-
127talysts and is poisoned by nitro groups. However,
110in 1967, Garnett and Hodges reported on a homo­
geneous method of exchange for nitrobenzene and this 
suggested that other aromatic nitro compounds might 
exchange under similar conditions. An attempt was 
therefore made to tritiate 1,3-dinitronaphthalene
110using the method as outlined by Garnett and Hodgges
128and by Hodges and co-workers. Potassium tetrachloro- 
platinate (K^PtCl^ , 4mgms) and 1,3-dinitronaphthalene 
(50mg) were weighed into an ampoule. Glacial acetic 
acid (0.3ml) and HC1 (6yul;1M) were then added. The am­
poule was sealed and put in an oil bath at 130°C for 
24 hours. The 1,3-dinitronaphthalene was then extracted
from the reaction mixture using ether and the latter 
was evaporated off. The activity obtained in the re­
covered sample was 25mCi. The sample was sent for nmr 
analysis (dioxan being the solvent). The tritium spec­
trum obtained and a standard spectrum of 1,3-dinitro- 
naphthalene are shown in Figure 2.21. The tritium spec­
trum shows that exchange has occurred in position 5,
6. and 7 of the 1 ,3-dinitronaphthalene and not in any
NO
T
noTT
(XV)
of the positions close to or adjacent to the nitro groups 
(XV). This method of tritiation of polynitronaphthalene 
is not very satisfactory for the present work, however, 
as it is the positions adjacent to the nitro groups 
which are of most interest when studying Meisenheimer
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complex formation. To prepare generally labelled
1,3-dinitronaphthalene labelled in the positions 
of interest , there appeared to be only one app­
roach left, that is to generally label a precur­
sor of 1,3-dinitronaphthalene and then to nitrate 
the precursor.
In 1893 the French chemist Raol Pictet re­
ported the direct preparation of 1,3-dinitronaph­
thalene by nitration of naphthalene at low tem-
2 q
peratures. At temperatures above 0 C no 1,3-
dinitronaphthalene is formed upon nitration of 
118naphthalene. The usual methods of preparation 
of 1,3-dinitronaphthalene involve several steps. 
Another advantage of the method reported by Pictet, 
apart from the fact that it is a single step syn­
thesis, is that he reported the isolation of more
than one nitronaphthalene derivative using this
129
method as shown in Table 2.4. This suggested the 
killing of two or more birds with one stone. A 
further literature search showed that under the 
conditions used for the nitration of aromatic com­
pounds there is no loss of tritium from tritiated 
toluene, as shown in Table 2.5, except the tritium 
which was replaced by the incoming nitro groupP0,131
1 29Nitration of naphthalene at low temperatures
Substance °/o
1-nitronaphthalene 22.7
1,3-dinitronaphthalene I 46
1,5-dinitronaphthalene « 31.3
Table 2.4
Substance
3Percentage of original still 
present in 2,4-dinitrotoluene
nitrated Theoretical Observed
Toluene 4-T 0 2.2
Toluene 3-T 100 99.0
Toluene 2-T
L ........ ..... .. ....
50 51 .9
* On assumption of equal nitration in tritium and protium 
positions (i.e. no isotope effect).
Table 2.51^°>131
The first step in the preparation of generally 
labelled polynitronaphthalenes appeared, therefore 
to be the preparation of generally labelled naphtha­
lene. Naphthalene was tritiated as follows. Some
platinum dioxide was prepared following the basic
132procedure as outlined by Oalf and Garnett. Sodium 
borohydride (800mgms) was added slowly to a sus­
pension of platinum (200mgms) in water (50mls).
Hydrolysis of the sodium borohydride was completed 
hy warming the reaction"mixture to 70°C for a few 
minutes. The platinum dioxide was then washed free 
from its salts using distilled water and after wa­
shing and decanting about 6 times the platinum dio­
xide was stored under water until used. Naphthalene 
(l.Og) was then weighed into an ampoule followed by 
the pre-reduced platinum dioxide (0.2g). The am­
poule was evacuated and necked and tritiated water 
(10ju1, 50Ci/ml) was added. The ampoule was sealed 
and placed in an oil bath at 130°C for seventy hours. 
The solution was then added to HC1 and. the aqueous 
solution was extracted with ether. The ether was eva­
porated off using a rotary evaporator with the recei­
ving end being cooled in iced water. The recovered 
naphthalene (<%/200mCi ) was dissolved in CDCl^ and 
sent for nmr analysis. The proton and triton spectra 
are shown in Figure 2.22. It should be pointed out 
that only a quarter of the activity was obtained in 
the 2-position of the naphthalene and three quarters 
in the 1-position of the naphthalene.
The next step was to nitrate the naphthalene
129using the basic procedure as outlined by Pictet.
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1 1 8In his hook, Urbanski outlined the method for 
obtaining the best concentrations of nitric acid 
and sulphuric acid for nitration using the concept 
of dehydrating value of sulphuric acid (DVS). A mix­
ture was prepared containing nitric acid (1.475g cone 
30% H20 w / w ) and sulphuric acid (4.94g cone 2% H20 
w/w). The DYS of this mixture is 3.8. The mixture 
was cooled in a dry ice-acetone bath to a tempera­
ture close to the freezing point of the mixture.Some 
of the naphthalene was then added and the mixture was 
stirred vigorously using a glass rod. The tempera­
ture was kept below -40°C. Further portions of naph­
thalene were added over a period of 40mins. When all 
the naphthalene had been added and the reaction was 
complete, water was added slowly to the reaction mix­
ture with cooling. The mixture was then extracted with 
ether and the ether was freeze dried over. The total 
activity recovered was 208mCi (i.e. 75% recovery).
The next step was to separate out the various compo 
nents of the recovered mixture. In a study carried out
A *2 'Z
by Ward and co-workers,  ^mixtures of nitronaphthalenes 
were separated on an alumina column prepared using a 1:1
mixture of benzene and light petroleum (bp 40-60°C) 
as the solvent medium. The mixed polynitronaphthalenes 
were applied to the column in a solution of benzene
1  ■ 2 'Z
and the elution of the column was also by benzene. ^
In the present experiment a column was prepared using 
basic alumina (60g deactivated) and the reaction mix­
ture was added to the column in toluene. The column 
was eluted using toluene and collected in 25ml frac­
tions. 10^ .1 of each fraction were counted for acti­
vity using scintillation counting and the graph shown 
in Figure 2.23 was obtained. The graph appears to in­
dicate that quite good separation has been achieved. 
However, nmr spectra of the combined fractions under 
each of the peaks showed that some streaking of the 
nitronaphthalenes had occured on the column and none 
of the bands gave a pure compound. Rechromatography 
using each of the separated bands was considered but 
instead it was decided to repeat the experiment and 
isolate the naphthalenes using preparative thin layer 
chromatography.
The tritiation and nitration of naphthalene was 
repeated and after some preliminary experiments using 
inactive material, it was decided to separate out the
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various nitronaphthalenes using a solvent mixture of 
benzene-carton tetrachloride (2:1) on silica gel. The 
R.F. values and identification of each of the hands 
obtained are shown in Table 2.6. The proton nmr spectrum 
obtained in d^-acetone of band 2 is shown in Figure 2.24. 
A standard proton nmr spectrum of 1,8-dinitronaphthalene 
in dg-acetone is also given for comparison.
Band R.F. value Activity
(mCi)
Assignment
1 0.049 17 unknown
2 0.16 23 1,8-dinitronaphthalene
3 0.27 16 unknown
4 0.36 5.4 unknown
5 0.42 2.8 1,3-dinitronaphthalene
6 0.52 10.5 1,5-dinitronaphthalene
7 0.65 12 1-nitronaphthalene
8 0.75 1.4 unknown
9 0.84 1 .2 naphthalene
Thin layer chromatography of nitration mixture on silica 
gel using benzene-carbon tetrachloride (2:1).
Table 2.6
1,8-DINITRONAPHTHALENE
A : Recovered proton spectrum
o
T
2
T
47T TJ
T
7 '6 15
S
|
B : Standard proton spectrum ]
The proton nmr spectrum obtained in dg-acetone of
band 5 is shown in Figure 2.25. A standard proton 
spectrum of 1,3-dinitronaphthalene in d^-acetone is 
also given for reference. The proton spectrum of 
band 6 in dg-acetone is shown in Figure 2.26 along 
with a standard proton spectrum of 1,5-dinitronaph- 
thalene in the same solvent. Finally, the proton nmr 
spectrum of band 7 in dg-acetone is shown in Figure 
2.27 along with a standard proton spectrum of
1-nitronaphthalene in the same solvent. The activity 
of the naphthalene used in this experiment was not
as high as that used previously and only one con­
vincing tritium nmr spectrum was obtained, and that 
was of 1,8-dinitronaphthalene. The proton and triton 
spectra are shown in Figure 2.28. The 1,8-dinitro­
naphthalene obtained is not absolutely pure with some
1,3-dinitronaphthalene being present. However, three 
tritium signals can be seen corresponding to the three 
different protons in 1,8-dinitronaphthalene.
2.3 Conclusions
Most of the results which have been outlined in
the present chapter are self-explanatory. However, there 
are a few conclusions which can be drawn from the results-.
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1,3-DINITRONAPHTHALENE
A : Recovered proton spectrum
6
Standard proton spectrum
6 35 47891011
Fig;. 2.23
1 .5-DINITRONAPHTHALBNE
A : Recovered proton spectrum
"T"
11
— r 
10
B Standard proton 
spectrum
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NITRONAPHTHALENE
A : Recovered proton spectrum
T*
3
“i
11 012
Standard proton 
spectrum
r
12
~T~
11
”1
10
Pig, 2.27
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1,8-DINITRONAPHTHALENE
Proton spectrum
B : Triton spectrum
i
Fig. 2.28
The work with s-trinitrobenzene demonstrated one of 
the more important aspects of any work with labelled 
compounds, the stability of the label under experi­
mental conditions. The early problems were due to the 
fact that the tritium label was being lost under the 
conditions used to form the Meisenheimer complex. For­
tunately, in this case the problem could be circum­
vented by isolating the solid complex before the tri­
tium label had exchanged with the medium to any great 
extent. The isolated complex could the be redissolved 
in an inert medium as far as exchange is concerned and 
the spectrum of the complex obtained. It should also 
be possible to extend these general principles to a 
study of other Meisenheimer complexes which have been 
labelled with tritium.
Another aspect of the present work which has not 
been emphasised so far is the reactivity of the various 
nitro compounds to hydrogen exchange in basic media. As
might have been expected from the work of Crampton and
34 134Gold and of Buncel and Symons and in contrast to the
66 67previously reported work 9 exchange in s-trinitro- 
benzene appeared to be straightforward. Very mild con­
ditions were used for exchange and it proceeded rapidly 
and with good incorporation of the tritium label. The
results obtained with 1,3-dinitronaphthalene and 
m-dinitrobenzene do need some clarification how­
ever. Previously it had been f o u n d ^ * ^ * ^  that 
hydrogen exchange in m-dinitrobenzene occured only 
in the 2-position. In the present series of experi­
ments, however, it has been found that some exchange 
also occurs at the 4- and 6-positions. In the pre­
vious chapter it was found that exchange of the 4- 
and 6-positions could take place in aqueous media 
at high temperatures. In hexamethylphosphoramide it 
was found that the 4- and 6-positions exchanged to 
about 10% of the 2-position (Pig. 2.18). The ratio 
of reactivity obtained from the kinetic experiments 
outlined in the previous chapter, was approximately 
2,000:1 for the 2 and for the 4- and 6-positions res­
pectively. The present result may, therefore, simply 
be an indication that the 2-position has come to equi­
librium very quickly in the tritiated medium and the 
4- and 6-positions have not yet reached equilibrium.
It might be expected, therefore, if there were no 
other complicating factors, that both positions would 
exchange to approximately the same extent at equili­
brium. However, there are other factors which must be 
taken into consideration and not least of them is the
fact that some nucleophilic substitution is also 
occuring under the conditions used for exchange.
A balance must be drawn between these two different
reactions and a systematic kineetic study of both 
processes in different media seems to be called for.
In stark contrast with the results obtained for 
m-dinitrobenzene, the exchange of 1,3-dinitronaph­
thalene in hexamethylphosphoramide appears to occur 
more readily in the 4-position than in the 2-position 
between the nitro groups as is shown in Figure 2.20. 
This illustrates the fact that reactivity of aromatic 
compounds is a function of many different variables. 
In this case the governing factor appears to be the 
delocalisation of the negative charge out of the ring 
as is demonstrated below for the two compounds. For 
m-dinitrobenzene there are four possibilities with 
exchange in the 2-position and 4-position equally 
likely. The exchange is, therefore, governed by./the 
electron density, steric hinderance etc of the two 
different positions and the 2-position is favoured 
over the 4-position. However, for 1, 3-dinitronaph- 
thalene the situation is slightly different. Here 
three of the 4 resonance structures are the same as
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(i) (ii)
(III) (IV)
(V) (VI)
(VII) (VIII)
for m-dinitrobenzene. The fourth (structure VIII) is
different. In structure (VIII) the system is still 
conjugated but the second ring has lost its aromaticity. 
This appears to be enough to force exchange in the 
4- position to be more favourable than in the 2- position 
as all other factors should be very similar for the two 
compounds. This is a good example of the extra stabili­
sation energy of aromatic rings as compared with conju­
gated systems. Another point worth mentioning is that 
there appeared to be very little decomposition of the
1,3-dinitronaphthalene under the conditions used for 
exchange. However, the conditions used were milder 
than for m-dinitrobenzene and it is probable that less 
decomposition was observed because of the lower tempe­
rature and milder conditions used. However, it is 
necessary for some further experiments to be carried out 
on the two systems before this can be confirmed.
Finally, it should be mentioned that there still 
remains a great deal of work to be carried out on the 
various reactions that have been outlined in the present 
chapter to establish the best conditions for labelling 
various nitro compounds and to be able to predict, 
with any degree of certainty, the results of the
labelling procedure used. The best approach for obtaining
generally labelled nitro compounds appears to be the
indirect method of labelling a precursor and then 
synthesising the nitro compound. For the more reactive 
positions between and beside nitro groups the best 
approach seems to be to use exchange in basic media.
For positions which are relatively unhindered the best 
approach appears to be the use of catalytic methods.
By using combinations of the three methods it should 
be possible to specifically label most nitro compounds 
in any required position (or positions).
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CHAPTER 3
ION PAIR STUDIES IN ALCOHOL-ALKOXIDE SOLUTIONS.
3.1 INTRODUCTION
3.1.1 Early Studies of Ions in Solution.
The study of ions in solution now extends back in 
time more than a century. Perhaps the true starting point 
was in 1833 when Faraday postulated his laws of electro­
lysis and made the assumption that electrolysis was caused 
by the transport of electricity by charged particles (ions) 
Nearly a quarter of a century later, Clausius, in 1857, 
was the first to suggest that ions are formed simply by 
dissolving an electrolyte in water. Another quarter, of 
a century elapsed before, in 1883, Arrhenius postulated 
in his ionisation theory that electrolytes are completely 
dissociated into their constituent ions in the limit of 
infinite dilution, and that the equilibrium between ions 
and undissociated molecules conforms to the law of mass 
action. From then on the study of ions in solution has 
continued at an ever increasing rate.
The idea of activity was introduced at the turn of 
the century when Jahn, in 1900, pointed out that the 
"active masses", which are used on applying the law of 
mass action to ionic equilibria, are not necessarily equal 
to their concentrations. Precise definitions of activities 
and methods of determining them were then put forward by 
Lewis and Randall between 1900 and 1920. In 1920, Bronsted 
proposed his theory of specific ion interaction, which was
based on the approximation that chemical interaction is
limited to that between ions of opposite sign, Finally,
•3
in 1923, Debye and Huckel proposed the first successful 
statistical theory of electrolyte solutions.
3.1.2 theory of Ion Pairs -in Solution.
Once the Debye-Huckel theory had been postulated it 
became possible to predict the influence of ionic strength 
on reaction rates. This theoretical treatment of the 
influence of ionic strength was done by Bronsted^ and 
Bjerrum. The basis of their treatment is that (for a
lr
reaction of the type: A + B j=± X  » Products)
the rate of reaction is proportional to the concentration 
of the transition state complex. One way of representing 
the equation they arrived at is shown below (equation 3 .1), 
where z^ and z^ are the
1/
2z az -r ° £ I 2   (eqn 3.1)
Ink = lnkQ +  ;
1 + pal
ion valencies of A and B respectively, I is the ionic 
strength, a is the mean effective diameter of the ions or 
the distance of closest approach and oc and p are constants 
for a particular medium (equations 3.2 and 3 .3).
oc =   (2J?7Te6^
2.303(10k£T)5/2
  (e q n  3 . 2 )
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8p =
(KKktT)^ (eqn 3.3)
Equation 3.1 predicts a linear relationship if Lnk is 
plotted against the square root of the ionic strength 
with a slope proportional to the product . This is
found to he true, qualitatively at least, for a number of 
reactions between ions. If one of the reactants is a 
neutral molecule then equation 3.1 predicts that the rate 
constant will be independent of the ionic strength. This 
appears to be true for very dilute solutions, but at higher 
ionic concentrations deviations occur as the Debye-Huckel 
equation breaks down due to changes in the activity 
coefficients of the species present in solution.
In 1925, Debye and McAulay proposed an approximate 
equation to express the activity coefficient of a neutral 
molecule (equation 3.4). Also in 1925, Huckel proposed a 
term in the first power of the ionic strength to reproduce
the activity coefficient of an ion at higher concentrations 
(equation 3.5). By following through the derivation of
Lnf^ = b^ I (eqn 3.4)
Lnf^
1 + Bai I/z
(eqn 3.5)
equation 3.1 using the new terms introduced for activity
then an alternative expression for the influence of ionic 
strength on rate is obtained (equation 3*6). The
Ink = ‘Lnko + (bQ * b^ - b^) I
  (eqn 3.6)
Debye-Huckel term, involving the square root of the ionic
strength, has disappeared since it occurs in the expressions
for both A and the transition state complex. Equation 3.6
predicts that the log of the rate constant should vary
linearly with ionic strength for a reaction between an
ion and a neutral molecule. This conclusion first received
experimental support from the work of Bronsted and Wynne- 
8Jones.
The breakdown of the Debye-Huckel theory at higher
concentrations is due to the fact that the approximations
made in the derivation of the theory are no longer valid.
As the concentration of the ions in solution increases
the energy of their mutual electrical attraction may be
considerably greater than the thermal energy which strives
to maintain a random distribution. Although there is a
continual interchange of ions a new entity is produced in
the solution (the ion pair), which was first recognized 
9
by Bjerrum. Therefore, in addition to the free ions to 
which the Debye-Huckel theory may be applied, there are 
also ion pairs present and this may be expressed by the
equilibrium as shown in equation 3.7. The question then
M+ + A“ M+A"
free ions ion pair   (eqn 3.7)
is how close the ions have to he to each other before they
can be considered to be ion pairs rather than free ions.
Because of this, the precise definition of ion pairs has
been the source of continuous discussion since 1926.
9Originally Bjerrum defined a distance between oppositely 
charged ions within which they were considered to be ion 
pairs. He then derived an expression (equation 3.8) for 
the association constant for ion pairs in the equilibrium
*  1000
rq.' .* -z,z e
exp T •*
J a • £rkT ‘ -
2 ar dr
(eqn 3.8)
as shown in equation 3.7, where N is Avogadros number, 
z+ and z_ are the ion valencies of the ions present, £ 
is the dielectric constant of the medium, r (in cm) is the 
distance between the centres of the two ions, k is the 
Boltzmann constant and T is the temperature in degrees 
Kelvin. To solve the equation a is considered to be the 
distance of closest approach of the two ions (the separation 
distance at contact) and q is the cut off point or the 
maximum distance at which two ions may be considered as 
being ion pairs. Bjerrum showed the choice of this "cut off"
2
distance q to be equal to z+z e /2£kT which, is where the
coulomb potential energy is equal to 2kT. This represents
a minimum in the distribution function calculated from
the Boltzmann factor (-z+z e /r£ ) introduced into the
equation to account for the electrostatic energy between
the two associated ions in an ion pair.
Because of this arbitrary 1 cut-off” distance imposed
by Bjerrum's equation it has been criticised and to a
certain extent superseded by others developed over the years
One theory which has accounted quantitatively for some
10experimental data is that developed by Fuoss in 1958. 
Unlike Bjerrum, Fuoss took a thermodynamic approach to 
the problem and arrived at an equation (equation 3.9), not 
too dissimilar to that proposed by Bjerrum, where a (in cm) 
is the radius of a spherical cation which is paire.d with a
„ _ (■ 47fa3U \ . (• z+z-e )
A  ^ 3000 ' p  ^ aekT >   (eqn 3.9)
1 1point anion. It has been pointed out by Prue that if in 
Bjerrumfs equation the cut off distance q is set to 
4/3a (i.e. A = 1/3a) then the resulting equation is exactly 
equivalent to that derived by Fuoss (cf equations 3.8 and 
3.9).
Irrespective of which of the two equations is chosen 
it can be seen that ion pair formation will be greatest
when the ions have higher valencies and when the dielectric
constant of the medium is low.
Ion association effects in various solvents have
been studied by many different techniques. The first
evidence for the existence of ion pairs was obtained
from conductance studies. However, observations using
other physical properties, such as UV and visible spectra,
have since provided even better proof for their existence.
Another technique which has also been used successfully
to observe ion pairs is esr, where the spectra of radical
anions paired with cations have been obtained. Over the
years these studies have led to the postulate that there
may be many different kinds of ion pairs present in solution
ie contact ion pairs, solvent separated ion pairs and
even ion aggregates. The formation of these different
types of ion pairs is dependent on the solvent and the
1 2size of the anion and cation, and is due to the fact 
that the solvent is not a continuous, structureless, 
polarizable medium but has a discrete molecular structure. 
Ions which interact with the solvent only weakly and do not 
surround themselves with tight solvation shells form contact 
pairs only. This is observed in poorly solvating liquids 
or for bulky ions. However, ions that interact strongly 
with solvent molecules tend to form solvent separated ion 
pairs, in particular when they are associated with large 
counterions.^
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3-1.3 Ion Pair Effects in Aqueous Solutions.
In the previous discussion it was mentioned that 
ion association effects are greatest when the ions have 
high valencies and the dielectric constant of the medium 
is low. Water at 25°c has a high dielectric constant
1 A . . ■ -
( i = 78.36 ) and it might he inferred that ion association
of alkali-metal hydroxides in water would he very small
and play no part in kinetic studies carried out in this
medium. This proves not to he the case, however. In 1942
15as a result of conductance measurements, Darken and Meier
reported that aqueous solutions of Lithium hydroxide even
helow 0.1M at 25°c were incompletely dissociated. There
was also a suggestion that sodium hydroxide was also
incompletely dissociated in this concentration range, hut
the evidence was not conclusive. Ahout the same time,
16tables compiled hy Harned and Rohinson showed that the
average activity coefficients of potassium and cesium
hydroxide were closely similar while sodium hydroxide gave
values up to &/o lower. Also, in 1944, indicator measure-
17ments hy Schwarzenbach and Sulzberger demonstrated that 
concentrated solutions of potassium hydroxide were more 
strongly alkaline than corresponding solutions of sodium 
hydroxide. Studies such as the above showed that alkali- 
metal hydroxides were incompletely dissociated at quite 
low concentrations even in aqueous media and it remained
to be seen whether this has an effect on the rates of 
reaction in these media.
18In 1949, Bell and Prue reported results on the
depolymerisation of diacetone alcohol with alkali metal
hydroxides. They found that the observed catalytic rate
constants (k/tOH“] ) converged to the same value at infinite
dilution but that both potassium hydroxide and sodium
hydroxide showed decreases in the catalytic rate constant
at higher concentrations. The decrease in rate}constant
for potassium hydroxide was only very slight up to 0.4M
hydroxide concentration, but the decrease in catalytic
rate constant for sodium hydroxide was quite marked,
amounting to about 7°/ in a 0.4M solution. Further studies
were carried out on the decomposition of diacetone alcohol
1 9
by Halberstadt and Prue using tetra-alkylammonium
20hydroxides and by Caton and Prue using hexamminocobalt
21trihydroxide. The results have been summarised by Jones 
(lig. 3.1). The studies showed that the catalytic rate 
constants either increased or decreased depending on the 
base used, and some attempts were made to correlatethe 
association constants determined from the rate studies 
with those obtained by other methods with quite good agree­
ment being obtained.
Other rate studies on ion pair formation in aqueous 
media and which are worth mentioning, were carried out by
- 1 bb
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Fig. 3.1 Plot of catalytic constant k/[OH ](M sec ) for the 
decomposition of diacetone alcohol against the stoi­
chiometric hydroxide ion concentration. o fKOH; 
°,RbOH; 0,(CH,).N+OH_ ; • ,(n-C3H7)4N+OH" ;
x ,Ca(OH)2 ; • ,Ba(OH)2 ; * ,T10H; * , [Co (NH3)6]6+
22 oBell and Waind on the decomposition of nitramide at 25 c,
catalysed by the anions of a variety of earboxylic acids,
23by Jones and Subba Rao  ^on the bromination of acetone
Q A
and deuterated acetone in alkaline media and by Jones 
on the detritiation of acetophenone catalysed by a variety
of metal hydroxides (Fig. 3 .2). The studies by Bell and
22 23
Waind and Jones and Subba Rao are particularly interes­
ting as they show that the ion pairs formed in these media 
need not necessarily be inactive species and the data 
suggests that for the reactions studied the ion pairs do 
have some catalytic activity.
3.1.4 Ion pair Effects in .Alcoholic Solutions.
So far the discussion on the effects of ion pairs 
has been limited to those observed in aqueous media.
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Pig. 3.2 Plot of detritiation rate constant k5L-(M~1 sec*”1 )
•z U n
for the detritiation of [oC H ] -acetophenone against
the concentration of salt, o ,K ; • ,Na+ ; a ,Li+ ;
2+ 2+ 2+ +
* »Ba ; v ,Ca ; © Mg ; a ,R^N+ .
However, as has been stated before, the extent of ion 
association is dependent on the dielectric constant of 
the medium and, therefore, the degree of ion association 
in solvents with dielectric constants lower than that 
of water should be greater. (Table 3.1)
It can be seen from table 3.1 that the dielectric 
constants for the alcohols methanol, ethanol, 2-propanol 
and t-butanol are all lower than that for water and as 
ion pair formation in these media should be more extensive, 
the effects of ion pairs on rate should be more pronounced, 
even at low concentrations, with ion association increasing 
in the order MeOH<EtOH <i-PrOH <t-BuOH • Conductance
1 C 4 0  o A o C
studies, rate studies, 9 . and NMR studies had
established that in aqueous media the extent of ion asso­
ciation of the alkali metal hydroxides at a particular
Solvent Dielectric
Constant
Solvent Dielectric
Constant
Water 78.4 DMSO 49
Methanol 32.6 Acetonitrile 36
Ethanol 24.3 Dimethoxy ethane 7.2
t-Butanol 10.9a Ohio ro b enzene 5.6
2-Propanol 18.3 1,4 Dioxan 2.2
Ammonia 17 T etrahydro furan 7.4
Cyclohexylamine ‘ 5.4*
Dielectric constants of some solvents at 25°C. 
(a) at 30°C , (b) at -21°C
Table 3.1
"base concentration was in the order KOH<NaOH'<LiOH and
0 f\
Rochester suggested that this could explain the results 
of acidity function measurements which showed that 
H_(KOH; >H_(NaOH; >H_(liOHj. Jones^ went on to show that 
the different basicities indicated by these measurements 
could indeed be correlated with the degree of ion associa­
tion. It is pertinent, therefore, to mention that acidity
2 8function measurements in methoxide solution show that 
for a given concentration H_(KOMe)>H_(NaOMe) > H  (LiOMe).
Most of the quantitative studies of ion association 
in alcohol-alkoxide solutions have "been based on conduc­
tance measurements and the dissociation constants that 
have been obtained are summarised in Table 3.2.
Alkoxide Kd Reference
KOMe 0 29
NaOMe 0.204 30
LiOMe 0.106 30
KOEt 0.028 30
NaOEt 0.020 30
LiOEt 0.0057 30
KC^Pr 0.000057 30
Na01Pr 0.000052 30
Dissociation constants of alkali-alkoxides in pure 
alcoholic solutions at 25°C.
Table 3.2
There have been some kinetic studies on ion association
effects in alcoholic media. In the aromatic nucleophilic
substitution reaction between 2 ,4-dinitrochlorobenzene
31and methoxide ion in methanol a change in second order
rate constant was observed upon addition of various
potassium, sodium and lithium salts. The results could
be qualitatively explained if ion pair formation was
invoked. In the study potassium methoxide ion pairs
appeared to be more reactive than free methoxide ions
and lithium methoxide ion pairs less reactive. Sodium
methoxide ion pairs appeared to have the same order of
32reactivity as free methoxide ions. In another study^ 
a similar effect was found for the base-catalyzed racemi- 
sation of (+)-2methyl-3-phenyl propionitrile at 25°C. The 
reaction order approached two for potassium methoxide and 
sodium methoxide at high concentrations and was first 
order ,:at the lower concentrations. The effect with lithium 
methoxide was in the opposite direction with the reaction 
order falling below unity. Once again this suggests'that 
potassium and sodium methoxide ion pairs are more reactive 
than free methoxide ions in this reaction and that lithium 
methoxide ion pairs are less reactive than free methoxide 
ions.
As far as detritiation studies in methanol are concerned,
33 34-More 0 'Ferrall^ and Streitwieser and Co. ^ have independently
studied the kinetics of detritiation of [9-^H ]-fluorene
in methanolic sodium methoxide solutions. Both studies
show that the catalytic second order rate constant increases
with increasing sodium methoxide concentration and the
studies are in agreement with one another. Although in 
neither of the studies is any attempt made to allow for 
ion association, at the high concentrations used ion 
association should he extensive and the results can he 
interpreted quite successfully if it is assumed that the 
ion pairs are more reactive than the free ions in this 
reaction. Streitwieser did present his results in terms 
of a "salt effect" according to equation 3.10 and this is 
analagous to saying that there is some species present in 
solution which is reactive and is also dependent on the 
concentration of sodium methoxide present in solution 
(ie the species can he postulated as heing ion pairs).
k2 = k2 „(l + t>[NaOMe])  (eqn 3.10)
Some studies have also heen carried out on the detritiation
of [oc- ] -p-dimethylamino-acetophenone in methanolic 
35solutions and the results are presented in Figure 3.3.
Once again it appears that the ion pairs formed are more 
reactive than the free ions in catalysing this detritiation 
reaction.
As far as ethanolic solutions are concerned only a 
few studies have heen carried out. Buncel and co-workers^ 
have studied the kinetics of reaction of 2,4,6-trinitrotoluene 
with ethoxide ion in ethanolic solution and the rate
10
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LiOme18-
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17-
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Pig. 3.3 Detritiation of [oC- Hj -p-Dimethylamino- 
acetophenone in methanol-methoxide solu­
tions at 25°C.
determining step in the reaction was shown to he the 
transfer of a proton from the methyl group of trinitro­
toluene to the ethoxide ion. They found that their plot
of vs [NaOEt] was curved at the higher concentra-
— ?
tions of base (5 x 10" M). In their interpretation of
the results they concluded that this was due to the formation
of a second species (tentatively identified as a tr-complex)
rather than ion association. Some contribution from ion
pair formation must not be ruled out, however, and it may
be that in this reaction a very complicated pattern may
be present with contributions from both the cr-complex and
from ion association. In the reaction of 1-phenylethyl- 
37bromide the presence of ion association of potassium 
and sodium ethoxide in ethanol solutions was used success­
fully to explain the reaction kinetics and to show that 
the mechanism was a competitive E1-E2-SN1-SN2 with the ion 
pairs being less reactive than the free ions. The detri­
tiation of [oc-^H ] -p-dime thyl amino acetophenone has also 
been studied in various ethanol-ethoxide solutions at 
33.4°C and the results are presented in Eigure 3.4. The 
same reaction has also been studied at 25°C^ (Eigure 3.5).
In these solutions the ion pairs of sodium and potassium 
methoxide appear to be more reactive and the ion pairs of 
lithium methoxide less reactive than the free ions.
Apart from methanol and ethanol, the only other alcohol
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that has received any real attention is t-"butanol. There
have been many qualitative observations which tend to
support the idea that ion association in t-butanol is
important, even at low concentrations of base. For example,
in order to explain some anomalous kinetic data, Saunders 
39and co-workers carried out some conductance measurements 
on solutions of sodium t-butoxide in t-butanol. The measure­
ments showed that sodium t-butoxide has very little effect 
on the conductivity of t-butyl alcohol whereas much smaller 
concentrations of benzyltrimethylammonium chloride and 
2-phenylethyltrimethylammonium bromide raise the conductivity 
markedly. These results suggest that sodium t-butoxide 
exists almost entirely as ion pairs and the ammonium salts,
to a considerable extent, as free ions in t-butyl alcohol.
4-6The results are consistent with the observation that
benzyltrimethylammonium t-butoxide in t-butanol at concen-
-3trations as low as 10 M, appear to be about a thousand fold
more basic than a solution of potassium t-butoxide at the
same concentration. Some solubility studies carried out
on t-butoxide dissolved in t-butyl alcohol and on other
4-1branched aleohol-alkoxide solutions , suggest that at 
higher concentrations of alkoxides, the formation of 
externally solvated micelles and other ion aggregates may 
occur between the alkoxide molecules.
Some kinetic studies have also been carried out on
t-butoxide solutions in t-butanol. Bethell and co-workers
have correlated the rates of several reactions^* ^
BuOHwith empirical acidity functions. (Hr ) for sodium
and potassium butoxide solutions in t-butanol. However,
in the same studies they also found that for bifluorenylidene
formation from substituted 9-bromofluorenes and for the E2
elimination of hydrogen bromide from 9-bromo-9»9,bifluorenyl,
changing from solutions of potassium t-butoxide to solutions
BnOHof sodium t-butoxide in media having the same Hr value,
4-5halved the reaction rate. This effect was explained
for the bifluorenylidene formation from 2-substituted
halegenofluorenes by postulating the formation of ion pairs
between the metal cations and the 9-halegenofluorenyl
carbanion with the dissociation of this ion pair being
the rate limiting step. This would seem to suggest that 
BuOH
at a given Hr the rates of carbanion formation are 
independent of the counter-ions but that the rates of 
reaction of the carbanions are medium dependent. Similar 
results were also found for the base induced autoxidation 
of fluorene^ and 9-substituted fluorenesf^
Some proton exchange studies have also been carried out 
in t-butanol solutions. In a study of proton removal from 
4-nitrodiphenylmethylchloride by sodium and potassium 
t-butoxides in t-butyl alcohol, Bethell and Cockerill^8 
found that the rates of proton abstraction are greater in
solutions of potassium t-butoxide than in solutions of
sodium t-butoxide at the same concentrations. At the same 
BuOHHr values there was no difference in rates. A similar
effect was found for the rate of isotopic exchange at the
C-9 position of fluorene in t-butanol solutions with the
exchange rate being independent of the nature of the cation
4.6
associated with the base. Finally the results of a
study of the detritiation of methyldeoxybenzoin in various
t-butoxide-t-butyl alcohol solutions, show that ion pairing
is important even at low concentrations of base and that
3 8it increases in the order L i > N a > K  (Figure 3.6) *
Work done in anhydrous alcoholic solutions other
than methanol, ethanol and t-butanol is very limited.
Some equilibrium measurements on the ionisation of amine
indicators in alcoholic solutions of alkali-metal alkoxides
4-9have been carried out and Bowden has made a comparison
of the basicity of these dilute solutions of alkali-metal
alkoxides in methanol, ethanol, 2-propanol, t-butanol and
t-pentanol. He found that there is an order of basicity
rising from methanol (H__ 12.66), ethanol (H_ 14.57),
isopropanol (H_ 16.95), t-pentanol (H_ 18.09) to t-butanol
(H_ 19.14) the basicity of a methanolic solution being
comparable to that of an aqueous solution of the same base
concentration. There have also been a few conductance
measurements carried out.^
The picture that has been presented in this introduction
appears to be reasonably straightforward, but this is
not the case as a couple of examples will serve to show,
50Bowden , for example, has suggested that the increased 
basicity of alcohol-alkoxides at high concentrations may 
be due to reduced solvation of the alkoxide ion as the 
available solvating species is exhausted at these higher 
concentrations. This possibility cannot be ruled out and 
it could be-used as an alternative explanation to the 
enhanced reactivity of ion pairs over free ions in these 
solutions. It does not provide, however, a consistent 
explanation of the reduction in rates observed in these 
media for some reactions which is covered by the ion pair 
hypothesis. The two different ideas are not, however, 
mutually exclusive.
There have been some conflicting studies which
might also suggest that ion pair formation cannot always
be invoked to explain the kinetics observed in alcoholic
media containing alkali-metal alkoxides. For example, in
an investigation of the racemisation of 2-phenylpropio-
nitrile in methanol, a small increase in the second order
rate constant with base was found over the investigated 
O *51range at 25 C. It was suggested that this increase in 
the rate constant was due to the existence of sodium 
methoxide ion pairs which were more efficient catalysts
i
than the free ions. However, a further study of the system-
showed that when a complexing agent for the sodium ions 
(l8-crown-6 or 15-crown-5) was used there was virtually 
no change in the observed rate, even after the addition 
of a large excess of the crown ethers. It would be 
expected that, if the sodium methoxide ion pairs were more 
reactive than the free ions, then the addition of crown 
ethers would cause a rate decrease. No such rate decrease 
was observed and indeed if there was any trend at all it 
was towards a rate increase.
In the foregoing discussion it soon becomes obvious 
that there is a great need for a systematic study of ion 
pair formation and the effects of ion pairs on reaction 
rates in alcoholic media. It would also help greatly if 
the reactions studied could be simple processes with well 
understood mechanisms to avoid interpretative difficulties. 
One series of reactions which fulfil these criteria are 
isotope exchange reactions.
3.2 EXPERIMENTAL
3.2.1 Solvents
The strengths of bases in non-aqueous solvents are 
greatly affected by traces of water and carbon dioxide.
The propan-2-ol used in the kinetic studies was, therefore, 
carefully purified.^ 1-2 litres of propan-2-ol (isopropyl
alcohol) were refluxed with calcium oxide (200 gms/litre) 
for approximately four hours being protected from the 
atmosphere with a calcium chloride tube. The propan-2-ol 
was then distilled over from the calcium oxide (b.pt.82. 5°C) 
the middle fraction being collected in a round bottomed 
flask. The distilled propan-2-ol was then kept under dry 
nitrogen over molecular sieves (Linde type 4A) in a dry 
box. All the aqueous solutions used for kinetic experi­
ments were prepared from freshly distilled, deionised, 
boiled out CC^-free water.
3.2.2 Bases
Fresh stock solutions of sodium and potassium iso- 
propoxide were prepared every few days by adding the 
freshly cut metal to the distilled propan-2-ol in a dry 
box under dry nitrogen. The metal had first been cleaned 
using dry xylene and then washing with dry ether. Suitable 
concentrations of the base to be used for the kinetic 
experiments were then made by diluting this fresh stock 
solution with the distilled propan-2-ol. Stock solutions 
of sodium hydroxide were prepared either by dissolving 
pellets of NaOH (Fisons SLR) in boiled out CC^-free water
or by using BDH ampoules (BDH.CVS.IM) and making these up 
to the appropriate volumes using boiled out C02~free water. 
The concentrations of the bases were determined using a 
standard 0.100M solution of potassium hydrogen phthalate, 
prepared by dissolving 5.1057 gms potassium hydrogen 
phthalate (previously dried in an oven for a few hours) 
in CO2-free water and making the volume up to 250cc. The 
indicator used in the titrations was phenolphthalein 
indicator.
3.2.3 Tritiated Compounds
The tritiated [oC- ] - p - dimethylaminoacetophenone 
(I) used had been prepared previously by Dr. M. Balakrishnan.
c o c h2t
n (c h3)2
(I)
He heated a mixture of p-aminoacetophenone (13.5 gms) with 
water (430 mis), sodium carbonate (37 gms) and methyl 
iodide (50 gms) under reflux for 20 hours. The crude 
product was then removed by steam distillation and was
OSS 
MX) 
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Big. 3.6 Detritiation of phenylmethylacetophenone
at 33.4 C in t-butanol-t-butoxide solutions.
Y\C* S
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extracted with, ether. The ether was evaporated off and 
the residual mixture of amines was treated with acetic 
anhydride. After a few hours the mixture was steam distilled 
and upon addition of sodium carbonate the tertiary amino 
compound came over and was then extracted with ether. The 
compound was washed, dried and vacuum sublimed to give the 
pure dimethylated product (m.pt. 105-106°C). The isolated 
p-dimethylaminoacetophenone was then tritiated by dissolving 
1 gm of the ketone in 3 mis A.R. dioxan and adding a pellet 
of NaOH and a/10 j x  1 5 Ci/ml HTO. The mixture was allowed 
to stand for 2 days at room temperature and was then 
transferred into 50 mis of water. The precipitated 
[cC- % ]  -p-dimethylaminoacetophenone was then filtered 
off, washed with a few mis of water and dried. A stock 
solution was prepared in dry dioxan (200 mgms in 5 mis 
dry dioxan) and this was then used for the kinetic runs.
The preparation of tritiated s-trinitrobenzene (II) 
has already been described in chapter 2.
H
(i d
Tritiated dimethyl sulphone (ill) was prepared as 
follows. 180 mgms dimethyl sulphone and a ground up pellet 
of sodium hydroxide were added to an ampoule. The neck 
of the ampoule was drawn out and the ampoule was evacuated 
through a serum cap using a syringe attached to a vacuum 
line. 0.3 mis dry dioxan and 10 yml 5 Ci/ml HTO were then
0
I
CH —  S —  0HoT
3 ii 2 
0
(III)
syringed into the ampoule. The ampoule was sealed and 
placed in an oil hath at 85°C for/v 100 hours. The reaction 
mixture was then added to 10 mis HG1 and the dimethyl 
sulphone was extracted (~ 20 mCi recovered). The solvent 
was then freeze dried over and the dimethyl sulphone 
was dissolved in dry dioxan and stored over sodium sulphate 
in the fridge. A small trace ( 1 0  /a.1) of this stock 
solution was then used for the kinetic runs.
Tritiated chloroform (CTCl^) was prepared hy adding 
a ground up pellet of sodium hydroxide to an ampoule. The 
neck of the ampoule was drawn out and the ampoule was 
evacuated. 5 mis chloroform, 20 yul 5Ci/ml HTO and 1 ml dry 
dioxan (to make the mixture homogeneous) were syringed
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into the ampoule which was then sealed and placed in an 
oil hath at 45°C for six hours. The reaction mixture 
was then removed and added to 10 mis 0.1 M sulphuric acid. 
After shaking the H 2S0^ layer was removed using a pipette. 
This was repeated 3 more times. The tritiated chloroform 
was then dried over sodium sulphate and stored in a sealed 
ampoule in the fridge (cv190 mCi obtained). A small amount 
of the chloroform was dissolved in 1 ml dry dioxan and a 
trace of this stock solution was used in the kinetic runs.
3.2.4 Other Compounds
p-Nitrobenzyltrimethylsilane (IV) used for following 
the kinetics of base catalysed cleavage of the silicon- 
carbon bond, was kindly provided by Professor C. Eaborn 
and a stock solution was prepared in propan-2-ol.
Sodium tetraphenylboron (BDH), sodium sulphate (BDH) 
and sodium chloride (BDH) were commercial samples and were 
used without further purification.
0Ho-Si(CH,)_.2 3 3
N02
(IV)
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3.2.5 Kinetics of Detritiation
A trace amount of the stock solution of the labelled 
compound (usually less than 10joJ.) in dioxan was added 
to the reaction solution (10 mis) and the solution was 
thoroughly shaken. The reaction solution had previously 
been allowed to equilibrate to the required temperature 
in a thermostated oil bath. Samples (0.5 mis) were then 
withdrawn at various time intervals from the reaction 
mixture and were added to a test-tube containing 10 mis 
0.1. I HC1- solution. 10 Mis scintillator solution ,
(3.4 g/l of 2 ,5-diphenyloxazole in toluene) were then 
added to the HC1 solution and the mixture was shaken.
The aqueous and toluene layers were allowed to separate 
and the toluene layer was then pipetted off and was dried 
by shaking with anhydrous sodium sulphate; 5 mis of the 
toluene layer were then counted for tritium content in a 
Beckmann LS 100 counter. The decrease in tritium content 
with time was, therefore, determined and the reaction was 
usually followed to about 75% completion (10 points being 
taken in a typical run). The pseudo first order rate 
constants (k^) were derived from the slopes of plots of
loge (counts per minute) versus time. The second order
T Trate constants ^gase were obtained by dividing k by the
concentration of the base. Reproducibility of duplicate
runs was within - 2 - 3%. The results of a typical run
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Time (secs-) Counts/min Lo g^ (count s/min)
0 258,956 12.464
30 197,573 12.194
60 155,777 11.956
90 134,205 11.807
120 105,382 11.565
150 90,867 11.417
180 74,505 11.219
210 62,055 11.036
240 51,619 10.852
270 40,838 10.617
The detritiation of [<*• -3H ] -p-Dimethylaminoacetophenone 
at 15+0.1°C in potassium isopropoxide in isopropanol. 
Theoretical concentration potassium isopropoxide=0.300M, 
Experimental concentration potassium isopropoxide=0.293M.
The plot of log cpm vs time (Eig. 3.7) gives a value for
rp _3e
k of 6.59x10 sec. The least squares analysis of the
T - 3 - 1data gives a value of k of 6.57x10 sec
therefore k^ = 6.58x10~3sec~^
k^Qipr = 6.58x 10~3 = 22.5x10~3M~1sec“1
0.293
Table 3.3
are presented in Table 3.3 and Eig. 3.7. Eor some of the reac­
tions with sodium tetraphenylboron and p-dimethylaminoaceto- 
phenone in water a considerable amount of quenching was observed 
as a result of the scintillator solution turning yellow after 
extraction of the p-dimethylaminoacetophenone from the HC1 layer.
lo
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Fig. 3.7 Kinetic plot for the detritiation of 
[oC ,-^ H ] -p-dimethylaminoacetophenone 
in 0.293M potassium isopropoxide in 
isopropanol.

For those reactions, therefore, the freeze drying method 
which was outlined in chapter 1 had to he used, the only 
difference being that only 10 points were taken and the 
reaction was usually only followed to about 75% completion 
and the solution was then left to stand . until an infinity
reading was taken. '
3.2.6 Kinetics for the Cleavage Reaction of 
p-Nitrobenzyltrimethylsilane.
The base catalysed cleavage of p-nitrobenzyltrimethyl- 
silane was followed spectrophotometrically. The reactions 
were usually followed by monitoring the decrease in 
absorbance at 297nm using a Unicam SP 800b ultraviolet 
spectrophotometer with an external chart recorder attached. 
Once it had been established that good first order kinetics 
were being obtained, the output from the Unicam SP 800b 
was fed into a logarithmic amplifier and then fed into a 
digico computer. The latter was programmed to perform a 
Guggenheim calculation; the slope of the linear plot 
(recorded on a suitable chart recorder) gave the first 
order rate constant. In those cases where the output 
from the spectrophotometer was fed directly to the chart
recorder the reaction was allowed to reach infinity and 
the first order rate constant was then obtained directly 
from the slope of plots of log (A^ -A,*, ) versus time. The 
second order rate constants were obtained from the first 
order rate constants by dividing by the concentration of 
the base.
With the cleavage reactions of p-nitrobenzyltrimethyl- 
silane in potassium isopropoxide it was noticed that 
duplicate runs did not give reproducibility to within 
-2-3%. This was due to trace amounts of water absorbed 
from the atmosphere and eventually very stringent precautions 
had to be taken to protect the solutions from moisture to 
obtain good reproducibility. Firstly the propan-2-ol 
was refluxed over calcium oxide for four hours and was 
then distilled over dry nitrogen on a nitrogen line as 
shown in diagram 3.1. While still being kept under dry 
nitrogen (closing the tap attached to the round bottomed 
flask) the propan-2-ol which had been distilled over was 
allowed to freeze in liquid nitrogen. The round bottomed 
flask was then evacuated and stored in a dry box until used.
Stock solutions of potassium isopropoxide were then 
prepared. First potassium was washed with dry xylene and 
then with dry ether and placed in a round bottomed flask
screw
tap
thermometer
silicas 
gel •
N0 outlets
carbon—
magnesium —  
perchlorate
^calcium 
manometer ox:i-de distilled 
propan-2-ol
Diagram 3.1
under nitrogen in a dry box. The round bottomed flask 
was then attached to a 3-tap apparatus to which a vacuum 
line, and also the evacuated flask containing the distilled 
propan-2-ol, were also attached (as shown in diagram 3.2). 
The round bottomed flask containing the potassium was then 
evacuated by opening tap B. The small space between the 
flask containing the propan-2-ol and the tap A was evacuated 
by opening tap G. Taps B and G were then closed and 
propan-2-ol was then transferred to the flask containing 
potassium by opening tap A. The hydrogen liberated was 
then removed by closing tap A and opening tap B and rather 
than having the system under vacuum it was attached to a 
positive pressure of dry nitrogen which had an escape to
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distilled 
propan-2-ol
potassium
^vacuum or L  line
Diagram 3.2
a bubbler in a fume cupboard. By using this method the 
hydrogen could be removed quite safely. Once all the 
potassium metal had reacted the round bottomed flask was 
flushed with dry nitrogen and was stoppered and stored in 
a dry box until used.
To carry out a kinetic run a U.V. cell was evacuated 
on the three necked apparatus as shown in diagram 3.3, 
and some of the stock solution of potassium isopropoxide 
was transferred to the U.V. cell by opening tap A. The 
cell was then isolated by closing the 3-way tap D. The cell 
was then allowed to thermostat under vacuum in the thermo­
stated holder of the SP 800b. As the cell was under 
vacuum the temperature reading had to be checked for the
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septum—  
3-way tap,D.^ 
Bio-Quickfit— p 
joint
1 cm uv cell
potassium
isopropoxide
vacuum
Diagram 3.3
reference cell (which was put in the cell holder at the 
same time), using a resistance thermometer attached to a 
resistance box and a galvanometer. After being allowed 
to equilibrate the tap D was opened and the p-nitrobenzyl- 
trimethylsilane was introduced to the cell through the 
serum cap using a syringe. The tap D was then closed 
again and the decrease in absorbance was monitored. Dilutions 
of the stock solution of potassium isopropoxide were carried 
out using the 3-tap apparatus and transferring some of the 
stock propan-2-ol solution under vacuum. The concentrations 
of base were determined both from the stock solutions of 
potassium isopropoxide and from the U.V. cell mixture 
after reaction. This rather lengthy procedure improved the 
reproducibility to a considerable extent.
3.3 Results and Discussion.
The results obtained for the detritiation of p-dimethyl- 
aminoacetophenone in both sodium and potassium isopropoxide 
and for the cleavage reaction of p-nitrobenzyltrimethylsilane 
are presented in Tables 3.4 - 3.7 and are presented graphi­
cally in Figures 3.8 - 3.11. The .reactions in potassium 
isopropoxide were carried out at 15°C because at the higher 
concentrations at 23°C, the detritiation of p-dimethylamino- 
acetophenone became too fast to study. .The limited 
solubility of sodium in propan-2-ol prevented studies above 
0.2M at 25°C.
KO 1Pr. (M) 102 kT (sec~1) 1°2kKOiPr (M~1sec~1)
0.690 1.69 2.44
0.686 1.67 2.43
0.588 1.40 2.38
0.485 1.14 2.35
0.380 0.875 2.30
0.293 0.655 2.24
0.190 0.422
CMCM•
C\J
0.092 0.200 2.17
Detritiation of p-dimethylaminoacetophenone at 15+0.05°C 
in potassium isopropoxide.
Table 3.4
N a O ^ r  (M) 105kT (sec“1) 1o2kHaofpr(M"lBec"1)
0.206 9.49 4.61
0.155 7.70 4.97
0.152 7.78 5.12
0.146 7.29 4.99
0.142 7.03 4.95
0.136 6.69 4.92
0.129 6.46 5.00
0.124 6.28 5.06
0.121 6.18 5.11
0.111 5.72 5.15
0.100 5.08 5.08
0.089 4.80 5.39
0.080 4.25 5.31
0.060 3.17 5.28
0.040 2.19 5.47
Detritiation of p-dimethylaminoacetophenone at 25+0.05°C 
in sodium isopropoxide.
Table 5.5
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K01Pr (M) 1°5 kobs(sec"1)
obs .
10 kK0 Pr sec ^
0.806 6.68 8.29
0.679 5.92 8.72
0.591 5.41 9.15
0.536 5.01 9.35
0.366 3.65 9.97
0.332 3.10 9.34
0.2 87 3.35 11.67
0.282 3.57 1 2.66
0.281 3.34 11.88
0.227 2.63 11.58
0.184 2.37 12.88
0.147 1.66 11.29
0.085 1.02 12.00
Cleavage reaction of p-nitrobenzyltrimethylsilane at 
15+0.1°G in potassium isopropoxide.
Table 3.6
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2.7-
2.6-
2.3
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
[iCO^r] (M)
Pig. 3.8 Detritiation of [oC -^ El) -p-dimethylamino- 
acetophenone in potassium isopropoxide 
solutions at 15+0.05°C.
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Tig. 3 .9 Detritiation of [oC-^H ] -p-Dimethylamino- 
acetophenone in sodium, isopropoxide in 
isopropanol at 25+0.05°C.
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_ Fig. 3.10 Cleavage reaction of p-nitrobenzyltri- 
methylsilane at 15+0.05°C in potassium 
isopropoxide in isopropanol.
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Pig. 3.11 Cleavage reaction of p-nitrobenzyl- 
trimethylsilane at 25+0.05°C in 
sodium isopropoxide in isopropanol.

Na01Pr (M) 1°3 kobs(seo"1) 1°2 O p r ( r 1 - 1)
0.198 15.2 7.71
0.155 7.21 4.65
0.146 7.50 5.13
0.136 7.28 5.35
0.129 6.71 5.20
0.124 6.14 4.95
0.093 3.30 3.55
Cleavage reaction ofrp-nitrobenzyltrimethylsilane at 
25+0.10C. in sodium.isopropoxide.
Table 3.7
The mechanism for the base-catalysed tritium exchange
o
in p-dimethylaminoacetophenone is well understood and
can be represented as shown in equation 3.11. It is well
54proven that step I is the rate determining step. In the 
base-catalysed cleavage of p-nitrobenzyltrimethylsilane 
the rate determining step is the cleavage of the carbon- 
silicon bond to form the carbanion with subsequent protona­
tion to give the product.55-57 Although two different 
mechanisms may be postulated (equations 3.12 and 3.13), 
it appears that the concerted bimolecular type reaction 
(eqn 3.12) is the more likely in the absence of any evidence 
to the contrary and in both of the postulated mechanisms
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CH
+ BT
rate determining 
step ,/ \ GHH CH
0
I
C - CH.
+ BH
(II)
fast
H 'CH
+ B
(eqn 3.11)
+B
NO
CH0 Si(CH„ ), B
Slow rate determining step
CH 2 .
+BSiMe.
NO.
fast
CH.
+ B
0,
(eqn 3.12)
- 204 -
NO
fast
CH2Si(CH )?B CH~
slowo
NO,
rate 
determinih 
step
o + BSi(CH,)3
fast
+ B
(eqn 3.13)
the cleavage of the carbon-silicon bond is the rate deter­
mining step. In alcoholic media there will be contributions 
to the rates of the proton exchange reaction and the cleavage 
reaction, from both the free ions and the ion pairs present 
in solution and this can be summed up quite conveniently 
for both types of reaction as shown in; equations 3.14 and
3.15* where X= H or SiMe„ and B~ and B~M+ are the free ions
3
RX ■+ B
k.l R + BX (eqn 3.14)
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k .
RX + B“M+  ip > R" + X+B~M+
(eqn 3.15)
and ion pairs respectively and k. and k. are the free
1 ■I'P
ion and ion pair rate constants respectively. Therefore,
the pseudo first order rate constants obtained for these
31 37reactions are going to be composed of two terms *
(eqn. 3.16)
Therefore if oC is the degree of dissociation for the 
alkali metal alkoxide, a plot of the second order rate 
constant k2 versus oc should give a straight line of slope
kobs = k^occ + k±p( 1 - oc)c ....  (eqn 3.17)
k
kp = = k.oc + k. (1- oc ) ....  (eqn 3.18)
c i ip
or k2 = kip + k^i “ kip^oC   (eqn 3.19)
(k. - k. ) and intercept k. . To carry out this plot 
P P
the value of CL must be obtained.
The equilibrium between free alkoxide ions and ion pairs 
may be represented as shown in equation 3.20. The dissocia­
tion constant for the equilibrium (K^) is then given by 
equation 3.21.
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B -M+  .. -» B" + M+ ..... (eqn 3.20)
aM+ a.-
Kd = ^1— ........ (eqn 3.21)
a ?B M
and by definition = f+ci/[+ ..... (eqn 3.22)
aB- = f_cB“ .....  (eqn 3.23)
W  = (eqn 3>24)
where c is the concentration of the respective species in 
solution in moles per litre. The dissociation constant 
is then given by equation 3.25
v = f+*f- . CM+ ‘°B~
d fB”M+ CB"M+   e^qn
2 °M+,CB“*f+
If f f = f then K, = --------- =—
+ " ± d c _ + f + _
B M M B  ..... (eqn 3.26)
Now cM+ = c< c   (eqn 3.27)
'B
'B~M'
c-d- = oi c ..... (eqn 3.28)
CtT m + = (1“ ^)c ..... (eqn 3.29)
where c is the total concentration of base in solution in 
moles per litre. If the activity coefficient of the ion
pair is then taken to be unity2^*2^ then
2 2
oC
K =  —
(1- *.)   (eqn 3.30)
The value of is known for sodium and potassium isopro- 
30poxide and c is known from titrations of the reaction 
mixture. The only unknown is the mean ionic activity coeffi­
cient f . Various methods can he used to obtain f and aT “T
number of equations have been developed to enable f , toT
be calculated. One equation which has been widely used in 
aqueous media is shown in equation 3.31, where I is the
A I z+z_ I / T
1 + B a / T
-log1Qf+ =  — ---- —    (eqn 3.31)
ionic strength in moles per litre, a is the distance of 
closest approach of the two ions and A and B are constants 
given by equations 3.32 and 3.33
1 .8246x10 , ,
A  ----— XT? ....  (e(ln 3.32)
■(£T)5/-
5.029x109
* “ V 2    (eqn 3.33)
Values for a in equation 3.31 were obtained from a paper
5g . .
by Barthel and coworkers and are given over the page. 
Using equation 3.31 to obtain f values of oc may be 
obtained from equation 3.30 and these values of oG can 
then be used in equation 3.19. However, when this simple 
approach was tried the values of oC obtained decreased with 
decreasing concentration. This is due to the fact that 
equation 3.31 breaks down very quickly in solvents of low
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Base a (2)
i-C-HONa
3 7
2.40
i-CLHOK 
3 (
2.78
Values obtained for a59
dielectric constant and is only valid in the case of 
propan-2-ol in extremely dilute solutions. Another equation 
which has been used to calculate activity coefficients very 
successfully even at high concentrations in aqueous solu­
tions is shown below (equation 3.34) where all the terms 
are the same as in equation 3.31 except b which is
an adjustable constant in different media and for different 
species. However, b is an empirical constant which is used 
to obtain agreement between experimental and theoretical 
values of f at higher concentrations and as no work 
appears to have been carried out on alkali metal cations 
at high concentrations in propan-2-ol to determine values 
of f there is no means available-to determine the magni­
tude of the constant b in solutions of alkali metals in 
propan-2-ol. The term b which is linear in ionic strength 
has to be added to take into account solvation effects on 
the activity of the species present at high concentrations
-logiof+ + bl1 + B a / T
(eqn 3.34)
and these are likely to he very much greater in alcoholic 
media than in water and once again there is no experimental 
work which has been carried out in propan-2-ol and from 
which the effect of ionic solvation and other solvation 
effects can be determined. An alternative approach to the 
problem therefore must be found.
In equation 3.21, was defined in terms of acti­
vities. However, if K, is redefined in terms of concentra-d
tion then
Kdc
[m +I [b ~] 
fe"M+l (eqn 3.35)
K
2
06 C
dc ( 1 -  oC ) (eqn 3.36)
If K^c is small then « 1  and
Kdc
2
oc c (eqn 3.37)
(eqn 3.38)
If this equation is then combined with equation 3.19 then
v
equation 3.39 is obtained and a plot of ^  vs c will
give a straight line of intercept k. and a slope of 
1/ 1P
(k^ - kip^dc 9 Provi^e(^  "that Kdc is a constant in the
region studied, which is not really justified as it implies 
that the activity coefficients do not change to any great 
extent which is contrary to what is expected. However, 
the results of such plots are shown in Figures 3.12 - 3.15. 
It can be seen immediately that the graphs obtained are 
not straight lines. The graphs for the detritiation of 
p-dimethylaminoacetophenone and for the cleavage reaction 
of p-nitrobenzyltrimethylsilane in sodium isopropoxide and 
potassium isopropoxide respectively, might be taken to 
indicate that the ion pairs in these systems are unreactive 
as catalysts. It is also interesting to note that there 
appears to be a reversal of trends for both reactions in 
the two media.
In the introduction it was mentioned that many workers 
have used the effects caused by the addition of salts to 
the medium to look at ion pairing in aqueous solutions. 
However, the equations that have been derived (i.e. equa­
tion 3.6) do not usually take into account the fact that 
ion pairs are not necessarily inactive species. It was 
decided therefore to carry out an investigation of the 
effect of added salt on the rates of reaction in alcoholic 
media and to see if the results - could be interpreted in 
terms of the ions pairs being active species in these 
media. The salt used in the study was sodium tetraphenyl- 
boron. This is both soluble to quite high concentrations
- i l l
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Pig. 3.12 Detritiation of p-dimethylaminoaceto 
phenone at 15+0.05°C in potassium 
isopropoxide in isopropanol.
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Fig. 3.13 Detritiation of p-dimethylaminoaceto- 
phenone at 25°C in sodium isopropoxide 
in isopropanol.
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Fig. 3.14 Cleavage reaction of p-nitrolenzyltrimethyl- 
silane at 13+0.05°C in potassium isopropoxide 
in isopropanol.
%
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Pig. 3.15 Cleavage reaction of p-nitrobenzyltrimethy1- 
silane at 25°C in sodium isopropoxide in 
isopropanol.
in alcoholic media and should remain completely dissociated 
even at these high concentrations. Unfortunately the corres­
ponding potassium salt proved to he very insoluble in 
alcoholic media and could not, therefore, be used to study 
the reactions in potassium isopropoxide. The results of 
the experiments carried out in sodium isopropoxide solu­
tions in isopropanol are summarised in Tables 3.8 - 3.10 
and in Figures 3.16 - 3.18 for both the detritiation and 
the cleavage reactions.
NaBPh^ (M) 103 kT (sec“1) 10 ^NaO^Pr^ sec ^
0.05 2.069 4.22
0.045 2.037 4.157
0.035 2.139 4.365
0.030 2.229 4.549
0.025 2.177 4.44
0.020 2.161 4.441
0.010 2.407 4.91
*
0 2.66 5.44
Salt effects in sodium isopropoxide in isopropanol at 25°C 
Detritiation of p-dimethylaminoacetophenone in 0.049M 
sodium isopropoxide.
* Result obtained from plot of k^Q^Pr vs (jtfa01Pr] 
(Figure 3.9)
Table 3.8
NaBPh^ (M) 103kT (sec’1) 10 kNaOiPr sec ^
0.06 3.70 3.98
0.055 3.68 3.96
0.040 3.94 4.23
0.030 4.12 4.43
0.020 4.36 4.69
0.010 4.49 4.83
0 4.85 5.22
Salt effects in 0.093M sodium isopropoxide in propan-2-ol at 
25°C.
- Detritiation of p-dimethylaminoacetophenone.
Table 3.9
NaBPh4 (M)
1°5W sec"1> 102k2 (M_1sec_1)
0.06 2.415 2.60
0.04 2.50 2.69
0.03 2.685 2.89
0.02 2.76 2.97
0.01 3.16 3.40
0* 3.7 3.98
Results obtained from plot of vs [Na01Pr] (Pig.3.11).
Salt effects in 0.093M sodium isopropoxide in propan-2-ol 
25°C.
- Cleavage reaction of p-nitrobenzyltrimethylsilane •
Table 3.10
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Salt effects in 0.049M sodium isopropoxide 
in isopropanol at 25°C.
Fig. 3.16 Detritiation of p-dimetlylaminoacetophenone.
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Salt effects in 0.093M •. sodium isopropoxide 
in isopropanol at 25 C.
Fig. 3.17 Detritiation of p-dimethylaminoacetophenone.
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Pig. 3.18 Cleavage reaction of p-nitrobenzyltri- 
methylsilane.
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3.19 . Detritiation of p-dimethylamino- 
acetophenone.
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The titrations in media containing high concentrations 
of sodium tetraphenylhoron had to he carried out using 
standardised HC1 because when potassium hydrogen phthalate 
was used a salting out effect was observed and this tended 
to obscure the end point of the titration.
For both the cleavage reaction and the detritiation
reaction there was a gradual decrease in second order
rate constant with increasing salt concentration. This is
what might be expected for the detritiation reaction but
was exactly the opposite to what was expected for the
cleavage reaction where the ion pairs appeared to be the
more active species in catalysing the reaction (Figure 3.15)
Studies of these salt effects on the detritiation of
p-dimethylaminoacetophenone and on the cleavage of p-nitro-
benzyltrimethylsilane had also been carried out in ethanol
and methanol and have been summarised by Dr. M. Balakrish- 
35bnan. The results obtained for the cleavage reaction 
in these media are in good agreement. The detritiation 
results are presented in Figures 3.19 and 3.20. The addi­
tion of sodium tetraphenylhoron caused a rate decrease for 
both detritiation and cleavage reactions, although the 
behaviour of both reactions with respect to added base 
concentration is different (cf. Figs.3.3 and 3.5). In theory 
the addition of sodium tetraphenylhoron should depress the 
ionisation of the alkali metal alkoxide in these media.
+
If M ions are added to the solution and the salt is com­
pletely dissociated in solution as should be the case for 
sodium tetraphenylhoron, then to keep constant the
concentration of ion pairs (M+B ) present in solution should 
increase. If the ion pairs are more reactive than the free 
ions as has been suggested then the second order rate constant 
should increase with increasing salt concentration. This is 
not the case. An alternative explanation for the results 
obtained must therefore be sought. It may be that the inter­
pretation of the simple plots of concentration of alkali 
metal alkoxide against second order rate constant is erro- 
enous and that the ions pairs are inactive species. However, 
there are no good, self consistent, alternative explanations 
for the increase in second order rate constant with increas­
ing concentration of alkali metal alkoxide.
Another explanation that could be put forward to explain 
the salt effects observed could be that there -were impuri­
ties present in the sodium tetraphenylhoron which interfered 
with the reaction kinetics as the sodium tetraphenylhoron 
was used without further purification. Elemental analysis 
results obtained by microanalysis and atomic absorption 
spectroscopy are given in Table 3.1.
Element Theoretical % Experimental %
Sodium0, 6.72 6.56
Carbon*3 84.23 81 .22
Hydrogen13 3.89 5.85
Boron 3.16 -
a atomic absorption
b microanalysis
Table 3.11
These are all correct within experimental error. The 
percentage of carbon present in compounds containing a 
high percentage of carbon is subject to quite a large 
amount of experimental error because of the method of 
microanalysis used. The n.m.r. and infra-red spectra of 
the sodium tetraphenylhoron used in the experiments were 
as expected and showed no detectable amounts of impurities.
Another explanation which can be put forward for the 
observed salt effects is that the compounds used in the 
study, p-dimethylaminoacetophenone and p-nitrobenzyltri- 
methylsilane, are complexing to some extent with the 
sodim tetraphenylhoron and the resulting species is not 
as active in the detritiation reaction or cleavage reac 
tion as the substrates themselves.
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o
/ N N
Me Me
TPB Ac
  (eqn 3.41)
If some type of association complex is formed as shown 
above then:
[a c ] t = [A e ]p + tA 0 TPB ]   (eqn 3-42)
where [A ],p is the total concentration of p-dimethylamino-
acetophenone present in solution, [a ] ^  is the concentra-
c J
tion of free p-dimethylaminoacetophenone and [a  TPB ]
0
is the concentration of the associated species present. A 
dissociation constant can then be written.
diss
[Ac Jp [t p b ]
[ a  —  t p b] (eqn 3.43)
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If the assumption is made that there is no detritiation 
the associated species then
rate = koBs tA c I t = k K  ]p [B“ ]   (eqn
Now combining equations 3.42 and 3.43
r 1 r T tAc h  I TPB1[ a J t = [a o ] f + - S _ ! L ------
diss   (eqn
[ a c ] t = [ac ] ( 1 + )
Kd   (eqn
Combining equations 3.44 and 3.46
r 7 k [A I [ B ]
kobs L A„ J m =  2----------
( 1 + fTPB: )
..... (eqn
k. m k K-.obs , T _ ■ d
-  B“"
LB"] 13 Kd+ [TPB]   (eqn
when [TPB] = 0 then
obs = J
[o h ” ] X
(eqn
from
3.44)
3.45)
3.46)
3.. 47)
3.48)
3.49)
“B
Therefore kg
m x, dissT o
K + [TPB]   (eqn 5.50)
1 K . + [ TPB]
T , T
^B" ' Kd   (eqn 3.51)
1 1 [TPB]
+VT T •. T tw-
kB" ^ b" V - Kd   (eqn 3.52)0 o
Therefore a plot of (i.e. second order rate constant )
vs [TPB] will give a slope of an(l an intercept
fji o
of kg- . Therefore the dissociation constant for the com­
plex and the second order rate constant in the absence of 
added sodium tetraphenylhoron can he obtained. The results 
for the detritiation reaction and cleavage reaction are 
shown in Figures 3.21 - 3.23. The graphs obtained are good 
straight lines and give values of of 0.17 for p-dimethyl- 
aminoacetophenone and 0.085 for p-nitrobenzyltrimethylsilane. 
The fact that these plots are good straight lines and when 
similar plots are carried out on the results in other alco­
holic media as shown in Figures 3.24 and 3.25 and good 
straight lines are again obtained, might be taken as tenta­
tive evidence that there is some type of association complex
being formed in these media between sodium tetraphenylhoron
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8.0 -
T—
I
O
(UCQ
■V—
I
-p
EH O  
M
O
4.0
0.20.10
[NaBPh^] (M)
Pig. 3.20 Detritiation of p-dimethylaminoaceto- 
phenone. Salt effects in 0.197M sodium 
ethoxide in ethanol at 25 C.
1/kg- = 18.4 , therefore kg- 5.43x10 m  sec
S1°Pe = 0T05
22 -
0.020.01 0.03 0.040
[NaBPh ] (M)
Salt effects in 0.049M sodium isopropoxide 
in isopropanol at 25°C.
Fig. 3.21 Detritiation of p-dimethylaminoacetophonone.
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0.052M sec19.20 therefore k -
= 103.3Slope
0.06
0.18M
26 -
0.01 0.020 0.03 0.060.04 0.05
[NaBPh ] (M)
Salt effects in 0.093M sodim isopropoxide 
in isopropanol at 25°C.
Fig. 3.22 Detritiation of p-dimethylaminoacetophenonfe
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3.91x10 M sec= 2.5.6 therefore k^-
= 300
0.06
0.085 M *
Slope
40 -
EH FQ 28
<C“
24 -
0.01 0.02 0.03 0.06
Salt effects in 0.093M sodim isopropoxide
o u'
in isopropanol at 25 C.
Pig. 3.23 Cleavage reaction of p-nitrobenzyltrimethyl- 
silane.
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670 therefore k^- 1•49x10 M~ sec
900-
958Slope
800 '
0.70M
600 “
500
0.100.06 0.080.040.02
[NaBPh.] (M)
^Salt effects in 0.2M sodium methoxide in 
methanol at 25°C.
Fig. 3.24 Detritiation of p-dimethylaminoacetophenone.
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1/kg- =  130, therefore k^- = 7.7x 10"°mT sec
562.3Slope =
0.2
= 0.23M
200-
i
eh pq
100 -
50-
0 0.1 0.2 0.3
[NaBPh^] (M)
Fig. 3.25 Detritiation of p-dimethylaminoaceto- 
phenone. Salt effects in 0.197M sodium 
ethoxide in ethanol at 25°C.
and p-dimethylaminoacetophenone and between sodium tetra- 
phyenylboron and p-nitrobenzyltrimethylsilane. The fact 
that good straight lines are obtained also indicates 
that if these weak complexes are being formed then they 
are inactive in the detritiation and cleavage reactions 
respectively.
The evidence for an association complex with sodium 
tetraphenylhoron is at best only tentative and therefore 
it was decided to study the kinetics of detritiation of 
p-dimethylaminoacetophenone with added sodium tetraphenyl- 
boron in hydroxide water where any effects due to ion 
pairing would be expected to be small because of the 
higher dielectric constant. The kinetics were also studied 
using another salt (sodium chloride) at the same concentra­
tions to compare the effects of the two salts. The results 
obtained are presented in Tables 3.12 and 3.13 and in 
Figures 3.26 - 3.28. It can be seen immediately that with 
sodium tetraphenylhoron in water a decrease in second order 
rate constant with increasing concentration of sodium 
tetraphenylhoron is obtained as was the case in the alcoholic 
media. However, with sodium chloride (Fig. 3.28) this 
effect is not observed at the same concentrations. The 
reciprocal plot is a good straight line and gives a value 
for of 0.16 which once again implies that the association 
complex, if formed, is only a weak association and that 
there is no detritiation observed from the complex. Further 
studies were also carried out at three other temperatures
3.5-
3.0 4----------1-------- 1--- :--- t---------- 1---------- 1---------- 1
0 0,02 0.04 0.06 0.08 0.10
[HaBPh.] (M)
Pig. 3.26 Detritiation of p-dimethylaminoaeetophenone
in aqueous sodium hydroxide solutions at 25°C.
Effect of added sodium tetraphenylhoron.
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6.9x10 m  sec1450 therefore 'OHOH
3000-
Slope = 9250
2500- 0.160 M
2000'
1
w
EH O
41 150
1000-
500'
0 0.02 0.04 0.06 0.08 0.10
[NaBPh^] (M)
Pig. 3.27 Detritiation of p-dimethylamino acetophenone 
in 0.096M sodium hydroxide in water at 25°C. 
Effect of added sodium tetraphenylhoron.
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NaBPh^ (M) 1 0 ^ ^ “ >'sec ^
- —
l/k£H -x10"1
0.1 3.99 250.6
0.08 4.59 217.9
0.06 4.99 200.4
0.04 5.88 170.1
0.02 6.10 163.9
0 6.74 148.4
Detritiation of p-dimethylaminoacetophenone in aqueous 
sodium hydroxide solutions at 25°C (0.096M).
Table 3.12
NaCl (M) 104kQH- (M~1sec"1)
0.1 6.80
0.08 6.80
0.06 6.46
0.04 6.94
0.02 6.92
0 6.72
Detritiation of p-dimethylaminoacetophenone 
in aqueous sodium hydroxide solutions at 25°C 
(0.0946M).
Table 3.13
and the results presented in Table 3.14 and as reciprocal 
plots in Figures 3.29 - 3.31. The graphs are all good 
straight lines and the dissociation constants obtained are 
all of the same magnitude* Because the value of is quite 
high then any method of determining values is subject
to quite large experimental errors and so it is not expected 
that the kinetic method is going to give particularly accurate 
values for K..
[NaBPh^
M
15°C 40°C 50°C
kT - OH
x104
M ''see ^
1/*0H-
x102
kT - 
OH
x103 
M ^sec ^
1/k0H“
kT - OH
x103
M ^sec~^
1/k0H-
0.1 1.59 62.9 1.43 699.3 4.64 218.5
0.08 1.72 58.1 1 .60 625.0 4.98 200.8
0.06 1.82 54.9 1.91 523.5 5.25 190.5
0.04 2.08 48.1 2.17 460.8 5.64 177.3
0.02 2.21 45.2 2.46 406.5 5.87 170.4
0 2.44 41.0 3.04 328.9 6.24 160.2
Detritiation of p-dimethylaminoacetophenone in 0.0946M sodium 
hydroxide in water at various temperatures.
Effect of added sodium tetraphenylhoron.
Table 3.14
- 2 3 8  -
6.0'
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I
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0
EQ
I
I
4.0-
3.0
0.061 0.08 
[NaBPh ] (M)
0.100.040.02
Dig. 3.28 Detritiation of p-dimethylaminoacetophenone 
at 25°C in 0 .0946M N.aOH in water. Effect 
of added sodium chin ride.
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Intercept = 4050, therefore k ^  
Slope = - ^ 2  = 22,500
2.47x10 M sec
7000
0.180m
6000 "
i
w
EH O  
>  5000 '
4000
0.06 0 .1 00.080.02 0.04
[NaBPh ] (M)
Pig. 3.29 Detritiation of p-dimethylaminoacetophenone 
in 0.0946M sodium hydroxide in water at 
15°C. Effects of added sodium tetraphenyl­
horon.
- 2 4 0  -
3.08x10 M~325 therefore OH
3,500Slope =
0.093 M
700-
600-
500
400-
Es O 
^  300-
200-
100-
0.06 
[NaBPh ] (M)
0 .1 00.080.040.02
Pig. 3.30 Detritiation of p-dimethylaminoacetophenone 
at 40°C in 0.094M sodium hydroxide in water 
Effect of added sodium tetraphenylhoron.
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6.25x10 M~ sec160, therefore k ^
530Slope =
= 0.30 M
220
200
180
160
i
w
Er\ O
M
>  140
120
100
0 .1 00.080.02 0.04
Pig. 3.31 Detritiation of p-dimethylaminoacetophenone
at 50°0 in 0.094M sodium hydroxide in water.
Effect of added sodium tetraphenyl"boron.
- 2 4 2  -
As the detritiation reaction had been carried out 
without added sodium tetraphenylboron at all the temperatures 
it was possible to draw an Arrhenius plot for this reaction 
in water and the values obtained are presented in Table 3.15. 
These are of the same order of magnitude as those obtained
■z o
previously for other acetophenones and for some 
35A-diketones.
E a (activation energy)
w
A S*
Keal.mole-1
-1
Kcal.mole
logpA
E.U.
17.3+0.3 16.65 -17.16 21.487
Arrhenius parameters for the detritiation of p-dimethylamino 
acetophenone in aqueous sodium hydroxide solutions.
Table 3.15
Prom the results the idea that there is some type of 
association complex with sodium tetraphenylboron appears to be 
on much stronger ground. The assumption, however, that this 
complex does not take part in the detritiation reaction cannot 
be justified apart from the fact that good straight lines are 
obtained from the reciprocal plots. This assumption does not 
have to be made, however, and if there is detritiation from 
the complex then :
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rate = [Ac ] T *kobs - k i [a <Jf [ 0H J +
+ k„ [ A  TPB ] [ OH- ]
2 c J
(eqn 3.53)
TPB + A ' - T P B ----kQ
  (eqn 3.54)
[ T P B  A ]
K
[TPB] [A c ] p   (eqn 3-55)
As before (eqn 3.46) we have
= K  V  ( 1 + } ..... (eqn 3.56)
Combining (3.53) and 3.56)
r ! = *1 [ a J t - [ O H ~ ] K d + kg [An ]T [0H~ ] [TPBl
A ° T otls K d + [TPB] Kd + [TPB]
  (eqn 3.57)
k , m k.K, + k0 l"TPBl
therefore = k* = J
[OH-] 0bs Kd + [TPB ]
  (eqn 3.58)
kobsKd + ko b s ^ P B ]  = ^ K d + kg [TPB]
  (eqn 3.59)
therefore - ^ ) = [TPB ] (kg - k ^ g)
  (eqn 3.60)
and -(k°bs ‘ kl ) - k2 k°bs
[TPB] K. Kd d   (eqn 3.61)
or (k1 ~ ^Ibel = _ _ h _  + kobs
[TPB] K.d d
Twhere in the absence of sodium tetraphenylboron
Tand k£ is when the p-dimethylaminoacetophenone is
complexed with the sodium tetraphenylboron. A plot of 
( V kob J /  [?P?1 versus will give a straight line
of slope 1/Kd and intercept of -k^/K^ . The second 
order rate constant for the detritiation from the complex 
(k2) can therefore be determined. Two plots are shown for 
the detritiation of p-dimethylaminoacetophenone in sodium 
hydroxide in water at 13°C and 40°C in Figures 3.32 and 3.33. 
These plots are very sensitive and dependent on the second 
order rate constants obtained. Bearing this in mind the 
plots are very good straight lines and there appears to 
be no detritiation from the complexed species.
)/ 
TP
B
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Intercept = 0 , therefore there is no detritiation 
from the complex,
Slope = 11,.8x10~4 = 0.19
-------~^4 O  /
2.25x10 4 /10 -
0.19M
1.0 1 .5 2.00.50
obs
Pig. '3,32 Detritiation of p-dimethylaminoacetophenone 
at 15°C in sodium hydroxide in water. 
Effect of added sodium tetraphenylboron.
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Intercept = 0, therefore k
, oo„,n-2
Slope = — — — -
3.0x10
3.28x10 10.9
0.092 M
3.0“
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CM
o
0 0.5 1.0 1 .5 2.0 2.5
1°3 kL (“''sec-1)
Fig. 3.33 Detritiation of p-dimethylaminoacetophenone 
at 40°C in sodium hydroxide in water. 
Effect of added sodium tetraphenylboron.
The evidence for a weak association complex of p-di­
methylaminoacetophenone with sodium tetraphenylboron in 
solution is now quite good and it remains to be seen 
whether this is a specific interaction with the acetophe- 
none or whether this effect is observed between sodium 
tetraphenylboron and other compounds. Certainly a similar 
effect is observed for the cleavage of p-nitrobenzyltri- 
methylsilane in alcoholic media. It was decided, therefore, 
to study the detritiation of a series of compounds in 
sodium hydroxide in water and to see if sodium tetraphenyl­
boron had any effect on the rates of reaction. The compounds 
that were studied were s-trinitrobenzene, dimethylsulphone 
and chloroform. The results are presented in Tables 3.16 - 
3.18 and in Figures 3.34 - 3.38. The graphs drawn for 
dimethylsulphone and for s-trinitrobenzene both show a 
rate decrease with added sodium tetraphenylboron and the
NaBPh4 (M) 104kT (M‘1sec‘1) 10^x1/k^aOH^*sec)
0.1 8.29 1 .206
0.08 8.33 1 .200
0.06 8.49 1.178
0.04 8.55 1.169
0.02 8.91 1 .122
0 9.18 1 .089
Detritiation of dimethylsulphone in 0.091M sodium hydroxide 
in water at 25°C. Effect of added sodium tetraphenylboron.
Table 3.34
NaBPh^ (M) 1°2kL ) H  ( M - W 1) 1/k0H-
0.12 3.196 31.29
0.11 3.232 30.94
0.09 3.219 31.06
0.08 3.373 29.65
0.07 3.219 31.06
0.05 3.495 28.61
0.03 3.465 28.86
0.02 3.776 26.48
0.01 3.680 27.17
0 4.07 24.57
Detritiation of s-trinitrobenzene in 0.0940M sodium hydroxide 
in water at 25°C. Effect of added sodium tetraphenylboron
Table 3.35
NaBPh^ (M) ^ a O H ^  sec ^
0.14 0.166
0.12 0.161
0.10 0.162
0.08 0.160
0.06 0.161
0.03 0.155
0 0.168
Detritiation of chloroform in 0.09M sodium hydroxide in
water at 2 5°C. Effect of added sodium tetraphenyboron,
Table 3.36
se
c
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O
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0 .1 00.06 0.080.02 0.040
[NaBPh^] (M)
Pig. 3.34 Detritiation of dimethylsulphone in 0.091M
sodium hydroxide in water at 25°C. Effect
of added sodium tetraphenylboron.
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9.17x10 m  secIntercept = 1,09x10 'OH
1.3x10 1.3x10Slope
o
0.84 M
0.6
0.080.040.02
Pig. 3.35 Detritiation of dimethylsulphone at. 25°C in
0.091M sodium hydroxide in water. Effect
of added sodium tetraphenylboron.
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5.a
2.0-
0.060.02 0.04 0.08 0 .1 0
[NaBPh^] (M)
Pig. 3.36 Detritiation of s-trinitrobenzene in 0.094M 
sodium hydroxide in water at 25 C. Effect 
of added sodium tetraphenylboron.
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- 23.90x10 secOH
Slope = lii 61.7
0.42 M
26 -
20
0.06 0.08 0 .1 00.02 0.040
[NaBPh^J (M)
Pig. 3.37 Detritiation of s-trinitrobenzene in 0.094M 
sodium hydroxide in water at 25°C. Effect 
of added sodium tetraphenylboron.
[NaBPh j (M)
3.38 Detritiation of chloroform in 0.090M sodium 
hydroxide in water at 23°C. Effect of added 
sodium tetraphenylboron.
dissociation constants for the complex obtained are 0.84 
and 0.42 respectively. Once again this indicates that only 
a weak association complex is being formed but the complex 
does not take part in the detritiation reaction. The results 
obtained for chloroform, however, are very encouraging in 
that there was no change in the second order rate constant 
with added sodium tetraphenylboron. This indicates that 
the effects observed are not caused by any peculiar effect 
that the sodium tetraphenylboron might be having on the 
base or solvent. It is also encouraging from the point of 
view that it once again opens up the way to look at ion 
association effects in alcoholic media. Chloroform itself 
is probably too acidic to study in these media but other 
compounds may be found which do not complex with the 
tetraphenylboron and perhaps these can be used in further 
studies in alcoholic media.
Throughout the course of the present work it has 
become obvious that a great deal of experimental work must 
be carried out before the idea of ion pairs being reactive 
species can be put on a firm basis. The salt effects that 
were obtained in alcoholic media at first sight seemed to 
be very discouraging. However, it now seems likely that 
these were specific effects of the salt rather than effects 
of the salt on the medium. No further conclusions can be 
drawn until a study has been made for other compounds 
which do not show these specific effects and perhaps then
the situation existing in alcoholic solutions of alkali 
metal alkoxides may be resolved.
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CHAPTER 4
KINETIC ACIDITIES OP CARBON ACIDS IN HYDROXIDE-WATER 
AND ALCOHOl-ALKOXIDE SOLUTIONS.
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4*1 ■ INTRODUCTION
4.1.1 Mechanisms of Base Catalysis.
One of the central domains of the physical organic
Vo
chemist is to he able accuratelyApredict reaction rates.
In order to do this a knowledge of the precise reaction
pathway, and factors which influence it, must be obtained.
Some of the simplest reactions that occur are acid or base-
catalysed isotopic exchange or racemisation processes. As
far as acid and base equilibria are concerned, the state-
1
ment by R.P.Bell that, r,a large proportion of our knowledge 
about equilibria in solution relates to protolytic equili­
bria (dissociation constants and related quantities), and 
there is no other class of reaction for which such accurate 
data are available", is still very true today. Bell goes on 
to say, "in solution kinetics, as opposed to equilibria, 
the proton does not occupy such a special position; in fact, 
most acid-base reactions take place so rapidly that their 
velocities cannot be measured by ordinary means, and only 
recently have they become accessible through modern techniques 
for studying very fast reactions;" This statement is no 
longer applicable as during the intervening years a consi­
derable amount of experimental data has been obtained on 
the kinetics of proton transfer processes in solution and 
and this has added greatly to the knowledge of the factors 
governing the rates and mechanisms of these processes.
The subject of the present chapter is a study of the 
kinetics of exchange processes from carbon acids. In general 
these are not "fast11 processes and conventional methods can, 
therefore, be used for their study without resorting to the 
now very familiar, if comparatively modern, fast reaction 
techniques. The processes under study are base-catalysed 
reactions and as such can fall into one of several general
types. A brief mention will be made of each of the types.
The first type of base-catalysed reaction is where there 
is a prior ionisation of the substrate (equation 4.1) 
followed by a slow reaction of the resulting anion with a 
solvent molecule (equation 4.2). The equilibrium for the 
ionisation of the basic species (equation 4.3) must also be
k 1SH + B N S + BH
k__>j . (eqn 4.1)
OH”
..... (eqn 4.2)
B“ + H20 -r _... OH” + BH
  (eqn 4.3)
where SH = substrate
BH = general base 
P = products
considered. The equilibrium constant for the reaction shown 
in equation 4.3 is K. Application of the steady state treat-
H2°
k,
ment to the species S gives rise to equation 4.4. The con­
centration of water is assumed to he incorporated in the 
rate constant k2 * In order that the treatment can be sim­
plified it must be assumed that the concentrations of the
k1 [SH] [B"J - k_1 [s"][BH] - k2 [s_ ] = 0
  (eqn 4.4)
catalyst and of the substrate are small so that little of
either of them is incorporated into the intermediate S”
and the amounts of SH and B~ that are free are equal to
2
the amounts that are introduced into solution. The concen­
tration of S” is then given by equation 4.5 and the rate 
(v) is therefore given by equation 4.6
k1 [SH ] Q [ B~ 
k_1 [BH] + \
  (eqn 4.5)
k ^ r S H . ] ^  [ B - ] 0
k_ ’[BH] + k
  (eqn 4.6)
In the case under study there is a -prior ionisation followed
by a slow reaction of the resulting anion (i.e. k 1 [ B H ] » k 0)— i j 2
and the rate will therefore be given by equation 4.7. Then by
v = k2 [s- ] =
[ s - J  =
taking into account the equilibrium constant K from equation 
4.3, equation 4.8 is obtained
v
^ 2 [ s h 1 0 [ e~ ] 0
k.-l [BH]
(eqn 4.7)
k.jkg [OH"][SH]
V
k--rK
(eqn 4.8)
The rate is therefore dependent on the ratio which
however, depends on the hydroxide ion concentration in
aqueous solution (or in general the concentration of the
solvent anion). The rate will, therefore, be subject to
specific hydroxide ion catalysis as shown in equation 4.8.
This type of process is applicable to the base-catalysed
exchange of carbon acids of the heterocyclic and aromatic
kind. In these carbon acids the negative charge is localised
and there is little solvent and structural organisation
■3
necessary for exchange to take place. The rate determining
step is the separation of the hydrogen bonded complex and
no buffer catalysis will be observed. This, so-called,
mechanism of internal return has been used to explain small
isotope effects observed for the base catalysed reactions
of 1-phenylmethoxyethane and 2-phenylbutane,^ for penta- 
5
fluorobenzene and the base catalysed reactions of N-subs- 
tituted pyridinium ions^ and many other heterocylic compounds.
The other mechanisms of "base-catalysis which are fre­
quently encountered are those where the ionisation step as 
shown in equation 4.1 is slow and the subsequent formation 
of products, (equation 4.2), irrespective of whether this 
involves transfer from water or from the base catalyst , is 
fast. In this case ^  k_^ [ BH] and the rate is given
by equation 4.9
- = ^  [SH] Q [B“ ] o   (eqn 4>9)
The rate determining step is the formation of the intermediate 
B~ and this depends on all the basic species present in 
solution. General base catalysis will be observed and it 
is this type of mechanisms which is subject of the present 
chapter.
4.1.2 The Bronsted Relation
Bor those carbon acids which undergo general base cata­
lysis it might be expected that there would be a relationship 
between the velocity of the reactions and the base strength 
of the catalysts used. The same is also true for those reac­
tions subject to general acid catalysis and the first sugges­
tion of a connection between the catalytic constant k and
3
8the acid constant K was made as long ago as 1914 when Taylor3
proposed the relationship as shown in equation 4.10a where 
kg+ is the catalytic coefficient of the hydrogen ion.
- 265 -
ka
(eqn 4.10a)
This equation only agreed in a very approximate manner with 
the data. Ten years later, from their work on the decomposi-
They suggested that similar correlations might he found for 
other proton transfer reactions, and this hypothesis has heen
and 0 is confined to the range 0 - 1. Over the years the
relationship has become associated with the name of the senior
author and relationships of this type are known as Bronsted
relationships. A large number of such correlations have now
been made and the BrSnsted relationship has been used, not
only to summarize data and make predictions, but also for
such diverse purposes as determining changes in reaction
mechanism, identifying nucleophilic catalysis and deducing
10transition state structure. The Bronsted relation, however, 
is only one of a series of relationships known as free energy 
relationships of which probably the best known is the so 
called Hammett equation. The Bronsted relationship antedates 
the Hammett equation by more than a decade.
g
tion of nitramide by bases, Bronsted and Pederson proposed 
the relationship as shown in equation 4.10b
(eqn 4.10b)
amply confirmed. and p are constants for a given reaction
Although the Bronsted relation is a linear correlation
there are good reasons for expecting this linearity to hold
only over a limited range. Bor many years, however, virtually
all examples of the Bronsted relation proved to he accurately
linear, even over extended ranges of pK& and despite the fact
that Bronsted and Pederson had predicted in their original
q
paper that curved plots should be obtained. In equation 4.1 
as the base strength is made stronger and stronger the rate 
will become faster until eventually reaction occurs at every 
encounter between the acid and base molecules. Once this limit 
has been reached further increases in base strength will have 
no effect, will therefore become constant and p will become 
equal to zero. If, however, the base strength is decreased 
then the rate of the reverse reaction k  ^ will increase until 
the rate of reaction in this direction reaches its encounter 
controlled limit and no further increase in rate will be 
possible. In this case p will be equal to unity. Therefore 
the values of p should change regularly between the limits 
of zero and one and the relationship should only be valid 
over limited intervals. Confirmation of the expected curva­
ture had to wait until the techniques for measuring the rates 
of very fast reactions became available.
Eigen pioneered the application of the fast reaction
technique to acid-base reactions in solutions and he obtained
11the expected curvature for the Bronsted plots. The behaviour 
he had found, therefore, stood in marked constrast with that
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which had been found in other systems, despite the fact that 
the pK ranges were comparable. A possible explanation for 
this is the fact that the curved relationships were inva­
riably found for oxygen and nitrogen acids and bases (and in
a few cases sulphur acids and bases). Eigen called the curved
11
Bronsted plots that they generated "normal behaviour” .
The systems which gave linear plots, on the other had, almost
10always involved proton transfer to and from carbon. At 
first this suggested that the identity of the atoms between 
which the proton in being transferred is important in deter­
mining whether a Bronsted relation is linear or curved.
However, in recent years sharply curved Brdnsted relations 
have been found for certain carbon acids. The observation of
those curved Bronsted relationships for carbon acids was first
12 13 14made by Long and coworkers for cyano carbon acids 9 9
such as p-nitrobenzylcyanide, bromomalonitrile, t-butylm'alo-
nitrile, malonitrile and 1,4-dicyano-2-butene. They concluded
that these carbon acids were fully "normal” in the Eigen sense.
15 16Subsequent work showed that chloroform * and phenylacety- 
17lene behave similarly. These studies, therefore, negate
the idea that the identity of the atoms between which the
proton is being transferred determines whether a Bronsted
plot will be linear or curved, but they also point to another
property, reactivity, which very probably is the controlling 
10factor. Proton transfer between the oxygen and nitrogen 
acid-base pairs which give curved Bronsted relations is fast
in the exothermic direction and the same is true of the 
cyanocarbons, chloroform and phenylacetylene. Proton transfer 
from carbon acids which give linear Bronsted plots is inva­
riably slow and this suggests that rapid proton transfers
will give curved BrSnsted relations and slow proton transfers
10linear relations. In non-aqueous solvents curved Bronsted 
plots had been observed for carbon acids prior to the work 
of Long and co-workers and fundamental differences in 
Bronsted plots have been observed for the reactions of various 
hydrocarbon acids with anionic oxygen bases in methanol and 
in dimethyl sulphoxide. The results showed that in dimethyl 
sulphoxide the proton transfer reactions approach diffusion 
control limits in both directions at much smaller ApK
cl
values than in methanol.
Support for the idea of a connection between reactivity
and Bronsted plot curvature comes from the 'theory proposed
19 /by Marcus. The relationship proposed by Marcus (equation
4.11) involves the free energy of activation for a proton
2 *
] A V
  (eqn 4.11)
A g * = [ 1 + A g°
4Ag!
transfer process, AG*, the standard free energy of reaction, 
AG-0 , and a measure of the intrinsic reactivity of the system 
or the intrinsic barrier,AG* . Prom his theory, the Bronsted
coefficient is given by equation 4.12
oG = i [ 1 + ^ V ]
aAG 2 4 A Sq
..... (eqn 4.12)
The curvature of the plot is then given by the rate of change 
of OC with A g ° or the second derivative of A g * with respect
to A G° as shown in equation 4.13
u  m ___
S G° 8 A&*
  (eqn 4.13)
The theory therefore predicts a connection between curvature 
and reactivity. It predicts that intrinsically fast reactions 
(small AG*) will show large curvature and vice versa.
4.1.3 Correlation of-Rate with Acidity Functions in'
Highly Basic Media.,.
In dilute solutions of acids and bases the pH scale can
be used to equate acidity with hydrogen ion activity. In
concentrated solutions, however, the acidity (or 1/acidity 
in the case of bases) increases much more rapidly than does 
the stoichiometric concentrations of the acid or base present.
- 270 -
20In 1932 Hammett and Deyrup proposed an acidity function
which would equate the acidity of concentrated solutions of
strong acids with the ability of the acid solution to pro-
tonate a neutral indicator species. Since then several
different acidity functions have been recognised and the Hq
acidity function proposed by Hammett and Deyrup has a
counterpart in highly basic media namely the H__ function.
A highly basic medium has been arbitrarily defined as a
solution which can ionise acids with an ability greater
21than 0.1M aqueous alkali metal hydroxides. The H__ acidity
function is therefore a measure of the ability of a given
base solution to abstract a proton from an electrically
neutral weakly acidic indicator molecule RH according to
22the equilibrium shown in equation 4.14.
HB ; H+ + B" ..... (eqn 4.14)
The equilibrium constant is then given by equation 4.15
a - , • a 
K = H B “
BH   (eqn 4.15)
[b -] f^_
[b h ] fBH V
(eqn 4.16)
Therefore
l0g10 M  = l0gl°KBH ' lOg10 H fB® ....  (eqn 4#17)
The acidity function H_ is then defined as -log
which gives equation 4.18
10
a + f .
H B
f
BH
H- “log10KBH + log10 [BH]   (eqn 4.18)
therefore
H- pKBH + lOg10
[b ~ ]
[BH]   (eqn 4.19)
In dilute aqueous solutions the activity coefficients become 
equal to unity and H__ becomes equal to -log^Q [H+] or pH.
H__ is therefore a measure of the ability of a solution to 
abstract a proton. A similar equation can then be set up 
for a slightly weaker but structurally similar acid B fH 
so that if the acidity of BH can be determined in aqueous 
buffer solutions that of B*H can also be found from equation 
4.20 provided the last term is zero.
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pKBH " pKB fH
(eqn 4.20)
This procedure is known as the Hammett stepwise technique20
and can he used repeatedly to calculate pKa s and H_ values
for a series of solutions. In order for this approach to he
successful the measurements should he anchored securely in
the dilute aqueous pH region and the process of ionisation
should he hoth straightforward with equilibrium heing rapidly
obtained and completely reversible. It has been shown,
for example, that the results obtained using p-nitrobenzyl-
24-27cyanide were in error due to its ambiguous ionisation.
One set of compounds which have been used and give self-
consistent results and are securely anchored in the aqueous
region are the aromatic amine indicators.
Once H_ scales1 have been set up it then becomes possible
to carry out some rate equilibria correlations and perhaps
make predictions about the factors involved in the mechanisms
2 8of the processes. Kolimeyer and Cram showed that for iso- 
topic exchange reactions catalysed by base as shown by 
equations 4.1 and 4.2 then equation 4.21 holds. A linear 
correlation between log^QkQ^g and H_ would be expected
+ constant
(eqn 4.21)
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if the activity coefficient term in equation 4.21 is zero,
29a constant or a linear function of H_ . If one of these 
conditions is fulfilled then equation 4.22 holds. Several
log kobs = + C   (eqn 4.22)
studies of correlations of logkQ^s with H__ have been
30 31carried out on acetophenone , dimethylsulphoxide, c*-cyano-
7p 33 34
c i s - s t i l b e n e s 1,3-diphenylindene, various fluorenes
35 36
and a variety of other compounds. 9 Similar correlations 
between and ApK values have also been carried out
2 97  ^Q
on (-)-menthone and nit roe thane . It was pointed out
39 40
very early by Kresge and co-workers and by Rochester that
logk versus Hq or H__ correlations are best used to provide
an insight into transition-state structure in reactions where
the mechanism is known rather than using the results in an
attempt to choose between different mechanisms. In this context
the slopes of the plots of logk versus H__ have been discussed
in terms of transition state structure and have been likened
29 34 41to Bronsted p-coefficients. * Bronsted f -coefficients 
have already been discussed and slopes of unity are usually 
taken to represent the fact that the bond between the base 
catalyst and the proton is almost completely formed in the 
transition state. Decreasing values of p along a series of 
related reactions reflects an increasing resemblance between 
the transition state and the reactants i.e. the transition 
state is early.
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41It has been suggested that for weak acids such as 
dimethyl sulphoxide (pK~32) the transition state will 
resemble the products of the reaction and the proton in the 
transition state will be very close to the base. This is 
backed up to a certain extent by the finding that the logk 
versus H_ plot for dimethyl sulphoxide has a slope of 0.93. 
The fact that the transition state is "product like" also 
suggests that the reverse reaction is likely to be diffusion 
controlled. For stronger acids than dimethylsulphoxide the 
rate of the reverse step will no longer be diffusion con­
trolled with the result that the slopes of logk versus H_ 
plots (or Bronsted plots) will no longer be close to unity.
This has also received some experimental support and some
34of the results are summarised in Table 4.1. The main 
interest, therefore, in the logk versus H__ correlations 
lies in the magnitude of the slopes. For 9-phenylfluorene 
the value is 0.40 increasing to 0.56 for fluorene and 0.74 
for 9-t-butylfluorene. Dimethylsulphoxide which is the 
weakest acid studied has a slope of 0.93 and so there 
appears to be a trend of increasing'slope with decreasing 
acidity. Two compounds, however, (nitroethane and chloroform) 
should be pointed out as not conforming to this behaviour 
as the magnitude of the slopes are higher than expected.
It should also be stated that a linear logk versus plot 
can be taken as an indication that there is no change in 
mechanism taking place.
Carbon acid
pKa
Slope
9-Phenylfluo r ene 18.5 0.40
Fluorene 22.1 0.56
9-t-Butylfluorene 23.4 0.74
Acetophenone 21 .5 0.47
2-Phenylpro pio phenone - 0.49
(-)-Menthone rv 21 0.48
Chloroform - 0.98
1,4-Dicyanobut-2-ene ~21 0.71
Nitroethane 8.6 0.72
Dimethylsulphoxide ~32 0.93
Slopes of logk versus H_ correlations for various 
carbon■ acids. ^
Table 4.1
4.2 EXPERIMENTAL.
4.2.1 Solvents.
It has already been mentioned that the strengths of bases 
in non-aqueous solvents are greatly affected by traces of 
water and carbon dioxide. Once again, therefore, stringent 
precautions had to be taken to ensure the purity of the 
solvents used particularly as low concentrations of base were
being used. The water that was used in the experiments was 
first distilled then deionised and finally boiled-out to 
remove any CO^ that might be present.
Dry methanol was prepared by refluxing absolute methanol
(11.) with magnesium turnings (5gms) and iodine (0.5gms) in
an apparatus protected by a calcium chloride drying tube.
Refluxing was continued for 2-3 hours and the methanol was
then distilled over at a constant temperature of 64.1°C
42(lit. b.pt.64.96 ). Dry ethanol was prepared in exactly
the same manner (b.pt. 77.1°C, lit. b.pt. 78.3°C^) as was 
t-butanol (b.pt. 81.8, lit. b.pt. 82.5°C^2).
Dry isopropanol was prepared by refluxing isopropanol 
(11.) with calcium oxide (100gms)(previously heated in a 
furnace at 800°C for three hours) for four hours. After 
refluxing the isopropanol was distilled over using a glass 
wool plug to prevent any of the calcium oxide from being 
brought over. (b.pt. 81.5°C, lit.b.pt. 82.5°C).
4.2.2 Bases.
Stock solutions of sodium hydroxide were prepared either 
by dissolving pellets of sodium hydroxide (Fisons SIR) in 
boiled-out COg-free water or by making up BDH ampoules 
(BDH,CVS,1M) to the appropriate volumes with CO2-free water. 
There appeared to be no difference between the two methods.
Stock solutions of sodium methoxide, sodium ethoxide, sodium 
isopropoxide and sodium t-butoxide were prepared by adding 
freshly cut sodium (washed with dry xylene and then dry 
ether) to the distilled alcohol under dry nitrogen in a dry box.
The stock solutions of all the bases were titrated with 
a standard solution of potassium hydrogen phthalate. Suitable 
volumes of the stock solutions were then diluted with freshly 
distilled alcohol to give 0.01M solutions (0.005M for sodium 
butoxide). These diluted solutions were then titrated with 
a standard 0.01M potassium hydrogen phthalate solution and 
in this way an experimental determination of the concentration 
of base in these diluted solutions was obtained as well as 
the calculated concentration from a knowledge of the dilution 
factor. The theoretical and experimental values agreed to 
within +5%.
4.2.3 Other Compounds Used.
The tritiations of & - [ H ]  -p-dimethylaminoacetophenone,
dimethyl sulphone and chloroform have already been outlined
in chapter 3. The tritiation of s-trinitrobenzene has been
outlined in chapter 2. Acetophenone had been tritiated
43previously using the method outlined by Al-Rawi et all 
Tritiated phenylacetylene was prepared by adding the phenyl- 
acetylene (1ml) to dioxan (1ml) in an ampoule. A small amount 
of ground up potassium hydroxide was then added and finally 
20yul, 5Ci/ml tritiated water were added and the ampoule 
sealed. The contents were allowed to stand at room tempera­
ture for 18 hours (overnight). The mixture was then added 
to a HC1 solution and the phenylacetylene / which separated 
out was then washed with two further portions of acid.
The activity of the dried compound was 32mCi and it was 
used without further purification.
The p-nitrobenzyltrimethylsilane, used for following 
the kinetics of the base-catalysed cleavage of the silicon- 
carbon bond, was donated by Professor C.Eaborn. The various 
techniques used for following the kinetics of detritiation 
and of the cleavage reaction have already been outlined in 
chapter 3. Duplicate runs (at least) were carried out for 
each of the compounds in all of the media. In general dupli­
cate runs agreed to within +3% although in t-butanol this 
was not the case. In t-butanol the error was larger due to 
both the low concentrations of base that had to be used and 
the higher reactivity of compounds in this medium which 
meant that sampling times were much faster. In t-butanol, 
therefore, more than two runs were carried out for each 
compound.
The kinetics of the cleavage reaction of p-nitrobenzyl- 
trimethylsilane was followed both at 275nm and 295nm. In 
water the reaction was not straightforward and it appeared 
that two consecutive reactions were occuring. Initially, there 
was a decrease in absorbance at 320nm and this was followed 
by an increase in absorbance at 287nm (Pig. 4.1). Time, 
however, did not permit a thorough investigation into the 
causes of the complex kinetics which were observed in aqueous 
media. In all the other alcoholic media the reaction observed 
was ; simple cleavage as had previously been reported.44*45
mmem
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The spectrum obtained for the cleavage in methanol is shown 
(Figure 4.2) and here there is a decrease in absorbance at 
295nm with a simultaneous increase in absorbance at 275nm.
4.3.1 Results and Discussion.
The results obtained for the kinetics of detritiation 
of the various compounds and for the cleavage reaction are 
summarised inTable 4.2. It is immediately obvious from the 
table that the kinetics of reaction for the various compounds 
do not all follow the same pattern. In fact, three quite 
different patterns emerge. Firstly, there is the kinetics 
of detritiation of s-trinitrobenzene and the cleavage reac­
tion of benzyltrimethylsilane. For both of these compounds 
there is very little change in second order rate constant 
on going from one medium to another (if the result for 
s-trinitrobenzene in t-butanol is ignored). Secondly, there 
is the kinetics of detritiation of both chloroform and 
dimethylsulphone. For both of these compounds there is a 
gradual increase in the second order rate constant on going 
from methanol-ethanol-isopropanol-t-butanol. This is in 
the same sequential order as the dielectric constants of 
the various media which are shown in Table 4.3. However, 
there is a decrease in second order rate constant for these 
two reactions on going from water to methanol which at first 
sight appears to be inconsistent with the other results.
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Solvent 42Dielectric constant
Water 78.36
Methanol 32.63
Ethanol 24.30
Isopropanol 18.30
t-Butanol 10.9
* At 30°C
Dielectric constants of some solvents at 25°C.
Table 4.3 '
Finally, there is the kinetics of detritiation of . 
acetophenone and of p-dimethylaminoacetophenone. For these 
two compounds there is a gradual increase in second order 
rate constant on going from water-methanol-ethanol-isopro­
panol- t-butanol which is in the same sequential order as 
the dielectric constants for all five solvents.
It appears likely from the data that there might be a
relationship between the variation in rate and the dielec-
2
trie constant of the medium. Indeed, Laidler has shown 
that, for reactions between an ion and a neutral molecule, 
such a relationship exists and he has derived an expression 
(equation 4 .23) which relates the logarithm of the rate 
constant to the reciprocal of the dielectric constant. The 
equation predicts that the logarithm of k will vary with 
the reciprocal of the dielectric constant and gives an
- 284 -
2 2 , \ 2
1 V -  T V  * e2 , _J_ .,r fa.. %  (V V _
Ink Inkg 2kT £ ” L r& r*
2 2 2 
3 / 2  < N r A1 a , A b  A *  1
w f ( —  - 1 > I — y  + — r  " “ 3 ~  J
ra rb r.
(eqn 4.23)
where k = observed rate constant in solution 
kg = rate constant in gas phase 
e = the charge of an electron 
z^ = the ion valency of species i 
r^ = the radius of species i 
/A = the dipole moment of species i 
k = Boltzmann constant 
T = temperature in °K 
I - dielectric constant
explicit expression for the slope in terms of the charges,
radii and dipole moments of the various species present.
When the data in tables 4.2 and 4.3 are plotted in this
fashion then the graphs shown in figures 4.3 - 4.3 are
obtained. It must be pointed out immediately, however, that
although the equation predicts linearity for such plots,
there are many different reasons why linearity might not be
obtained particularly as different solvents are being used.
2Laidler states in his book that the equation cannot be 
expected to do more than give the right order of magnitude
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for the variation of the logarithm of the rate constant 
with the reciprocal of the dielectric constant and that it 
is probably more satisfactory to regard equation 4.23 as 
giving a semiquantitative formulation which allows only 
very rough predictions to be made as to the effect of 
changing the dielectric constant.
It can be seen from the graphs that there is very little 
effect on the rate constant caused by changing the dielectric 
constant for both s-trinitrobenzene and for p-nitrobenzyl- 
trimethylsilane. For the other four compounds, there are 
quite pronounced effects upon changing the dielectric cons­
tant and a good straight-line is obtained for the media 
methanol, ethanol and isopropanol in all the four cases.
Also in all four cases water appears to lie above the line 
and t-butanol below the line. This is what might be expected 
as the reaction in methanol, ethanol and isopropanol should 
have a transition state for which the size and charge dis­
tribution should be very similar. However, with water the 
very strong hydrogen bonding and small size of the molecule 
is likely to have quite a large effect on the transition 
state size and charge distribution and thus cause it to 
fall off the line for the other three compounds. The same 
is also true for t-butanol which is very bulky and there 
will be some steric hindrance in the transition state 
which will affect the size and charge distribution and thus 
cause t-butanol to fall off the line.
It is remarkable that any correlation is observed in 
these plots as studies of the effect of dielectric constant 
on the rates of reactions are usually carried out in media 
containing a pair of mixed solvents in varying proportions 
and where the size of the transition state and other consi­
derations are likely to remain unaffected by changing the
relative concentrations of the two solvents. When different
4-6solvents are used it is usually thought that no correla­
tion will necessarily be observed between rate constants 
and the dielectric constants of the media. The fact that 
some correlation is observed for the present reactions in 
the media under study demonstrates that the reaction mecha­
nisms and transition state in the various media are very 
similar.
It has already been mentioned that correlations with 
H_ are often used in an attempt to study the properties of 
the transition state. Once again these studies are usually 
carried out in media containing pairs of mixed solvents. 
However, as some correlation was found with dielectric cons­
tant it would also seem to be pertinent to carry out some 
plots of loggk vs H_ for the reactions under study. Some 
of the problems associated with these plots have already 
been mentioned. One of the basic problems with such plots 
is to be able to determine what the correct values of H^
for the various media are, and to obtain self-consistent
21results. In his review in 1966, Bowden listed H_ values 
for a number of different media as determined using aromatic 
amines.The data was collected together from a large number of
24- 4-7—69different papers J  ^ Although, in general, the effect
of ion-pairing was not taken into account in these studies
this data has been used for the present studies. Ion-pairing
is not likely to be a really significant factor contributing
to the rate of reaction at the concentrations used in the
present studies, except perhaps for t-butanol. Also there is
no method of determining the size of this effect in these
media at the concentrations used. From the data collected
21together by Bowden some plots of variation of H__ with 
the concentrations of the various alkoxides were carried 
out and are presented in figures 4.9 - 4.13. Using these 
graphs it was then possible to determine the H_ of the
various media used in the experiments. The values obtained
68 69 O
by Bethell and Bowden for t-butanol were at 30 C and
the reactions in t-butanol in the present series of experi­
ments were carried out at 28°C. However, this small diffe­
rence in temperature between the two series of experiments 
does not make any significant difference to the calculated 
H_ of the t-butanol media. The calculated results for the
H_ of the media are presented in Table 4.4. The plots of 
Tlog0k vs H_ are shown in figures 4.14 - 4.19. The plots 
obtained are very interesting and the rest of the discussion 
will be centred around these plots.
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A cursory glance at the plots soon shows that they fall 
into two groups. Firstly, there is s-trinitrobenzene and the 
cleavage reaction of p-nitrobenzyltrimethylsilane where there 
is virtually no change in the first order rate constant with 
varying H_ of the medium. Secondly, come all the other 
detritiation reactions where there is a change in the first 
order rate constant with H_ of the medium. It was also found 
previously in the plots of logek2 vs 1/£ that s-trinitro- 
benzene and p-nitrobenzyltrimethylsilane did not behave in 
the same way as the other compounds. It is known that proton 
exchange reactions are not, in general, subject to large 
steric effects. However, in the cleavage reaction of p-nitro- 
benzyltrimethylsilane the group being cleaved is quite bulky 
and the steric hindrance in the case of bulky catalysts such 
as sodium isopropoxide and sodium t-butoxide appears to 
cancel the effect of changing the basicity of the medium. 
There are therefore two opposing effects which have to be 
taken into consideration and in the case of p-nitrobenzyltri- 
methylsilane they appear to cancel one another. s-Trinitro- 
benzene also behaves in the same manner as p-nitrobenzyl­
trimethylsilane. This time two different reactions have to 
be considered. As well as the detritiation reaction which 
occurs, s-trinitrobenzene can also form "Meisenheimer" 
type complexes in these media as has already been detailed 
in chapter 2. The formation of nMeisenheimern type com­
plexes is going to greatly affect the rate of detritiation 
and may even prevent detritiation from occurring. There is, 
therefore, an equilibrium situation in which, the rate of
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detritiation is dependent on the equilibrium constant for
Meisenheimer complex formation in the various media and once
again the equilibrium constant for this reaction is going to
depend on steric considerations as well as the concentration
of alkoxide in the medium. This observation is borne out by
the fact that in t-butanol the reaction was too fast to follow
whereas, in the other media the reaction rate did not vary
to any great extent. This could be due to the fact that
t-butanol is a very bulky group and will not form Meisenheimer
complexes very easily with s-trinitrobenzene. The detritiation
reaction, however, is not subject to such steric hindrance
and is the dominant reaction in this case.
TThe results of the plots of loggk vs H_ for the other
detritiation reactions fall into two groups. For acetophenone
and p-dimethylaminoacetophenone the slope of the plots is less
than unity and for chloroform and dimethylsulphone the slope
of the plots is greater than unity. The value obtained for
Tthe slope of the plot of log k vs H for acetophenone is0  _
0.80 and this compares with a slope of 0.47 obtained previously 
30 for a similar plot. The work carried out by the above 
30workers was in media containing various mole percentages
of dimethylsulphoxide and the H__ values were obtained using
both carbon acids and nitrogen acids. The values of H__ used
21were all taken from the same review by Bowden as the present 
H_ values which were all obtained using aromatic amines. It 
is interesting to note that the slope of the plot for p-di- 
methylamino acetophenone in the present study is close to the 
value for acetophenone as might be expected for two similar 
compounds.
The slopes of the plots of log k against H_ for
chloroform and dimethylsulphone are both greater than unity.
These results have a special significance. It was found by
Margolin and Long in 1973 that chloroform had very unusual
behaviour for a carbon acid. The slope of the Bronsted plot
in dimethylsulphoxide-water mixtures for this carbon acid
had a value of 0.98. This value close to unity suggested
that chloroform is an example of a carbon acid which is
fully "normal” in the Eigen sense. The present result obtained
for chloroform could be taken as being in agreement with, the
1 60previous result. It has also been pointed out by Bell 9
that disulphones differ from carbon acids in general in that
their kinetic behaviour resembles that of simple oxygen and
nitrogen acids rather than carbon acids. Once again, this
could be taken as being in agreement with the present results
Twhere the slope of the plot of logek vs H__ for dimethyl-
sulphone (1.8) is greater than unity and closer to the value
for chloroform than it is to the values for the acetophenones.
This suggests that dimethyl sulphone is also a carbon acid
which is fully "normal" in the Eigen sense.
TA close look at the plots of log^k against H__ shows 
that in none of the cases does the first order rate constant 
obtained in water lie on the line. The temptation is to say 
that the H_ values obtained in alcoholic solutions do not 
correspond to those obtained in aqueous solutions. Eurther 
inspection of the graphs, however, reveals that for aceto­
phenone and p-dimethylaminoacetophenone the value for water 
is less than might be expected and lies below the line, and
for chloroform and dimethylsulphone is greater than 
might he expected and lies above the line. This is reflected 
in Table 4.2 by the fact that acetophenone and p-dimethyl- 
aminoacetophenone have a value for the second order rate 
constant in aqueous solution which is less than that obtained 
in methanol at the same concentrations. For chloroform and 
dimethylsulphone the value for the second order rate constant 
in aqueous solution is greater than that obtained in methanol 
at the same concentration and this is contrary to what is 
usually observed. This suggests that as chloroform and 
dimethylsulphone are carbon acids which behave as if they 
are fully normal in the Eigen sense and if this behaviour is 
typical of such compounds then it can be used as "very simple 
test to identify compounds of this type.
To test this proposal a few experiments have been carried
out on phenylacetylene. The results are shown in Table 4.5.
10 17Kresge 9 had pointed out that phenylacetylene behaves 
very similarly to chloroform in that it has a Bronsted 
3 -coefficient of 0.97. Once again this suggests that phenyl­
acetylene is a carbon acid which is fully "normal" in the 
Eigen sense. The results for phenylacetylene (Table 4.5) 
show that the second order rate constant in water is greater 
than that obtained in methanol. This agrees with the other 
"anomalous" carbon acids (chloroform and dimethylsulphone) 
suggesting that this simple experiment might well be a good 
criterion to be used for identifying these carbon acids.
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kHaOH (water)
5.94+0.5M_1sec-1
T
T^tfaOMe e^kanol) 0.573+0.025M-1sec-1
Table 4.5
Detritiation of phenylacetylene at 0°0
The reaction of phenylacetylene, even at 0°C, is very 
fast and so it was not possible to extend this study into 
other alcoholic media for this compound.
4.4 Conclusions.
The results just presented suggest that there might he
a relatively easy method of determining whether or not a
carbon acid is normal in the Eigen sense thereby resembling
oxygen and nitrogen acids. Studying the detritiation of the
carbon acid in two different media (water and methanol)
appears to be enough to provide a positive identification
of such compounds as long as there are no other interfering
factors such as those shown by s-trinitrobenzene and
p-nitrobenzyltrimethylsilane. It remains to be seen whether or
not this will hold true for other carbon acids. In parti-
12 13 14
cular, Long and coworkers * * has found that cyano
carbon acids are also fully "normal” in the Eigen sense, so 
it might be possible to extend the present series of experi­
ments to these systems. There are also other disulphoness 
which can be studied and it would be interesting to see if
a Bronsted plot for dimethylsulphone would give a slope 
close to unity. It would also he useful to check other 
carbon acids which are known to give Bronsted plots of less 
than unity to show that for these compounds the second order 
rate constant for detritiation in water is less than that 
in methanol. Until such further experiments have been carried 
out no further conclusions can be made and the ideas put 
forward can at best only be said to be tentative.
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